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Preface 


For the first edition of this textbook, we had set out to fill a void 
for an updated comprehensive resource on all aspects related to 
echocardiography in patients with congenital heart disease, from 
the fetus to the adult. We felt it was important to include detailed 
information about the anatomy and pathophysiology of each 
lesion and to describe the goals and techniques of the echocar- 
diographic examinations for diagnosis, guidance of treatment, 
and monitoring after intervention. In addition to diagrams and 
still images, hundreds of videos were provided to illustrate key 
anatomic and functional issues mentioned in the text. We were 
pleased by the overwhelmingly positive response that the first 
edition of this book received. 

In this second edition, we made improvements in multiple 
areas. The discussion of fundamental concepts of echocardio¬ 
graphy and the sections on imaging techniques were updated to 
include advances in knowledge and improvements in ultrasound 
technology. Our coverage of congenital lesions was expanded 
to include separate chapters on the post-Fontan patient and on 
pregnancy and heart disease. Each of the lesion chapters now 
has a section highlighting the Key elements of the echocardio¬ 
gram^). Finally, all of the figures and videos were reviewed with 
the goal of upgrading and standardizing image quality and dis¬ 
play technique. 

The field of echocardiography remains dynamic and con¬ 
stantly evolving. Nevertheless, the mainstay for education in 


clinical echocardiography continues to be the written text illus¬ 
trated with images. As we try to expand the resources available 
to trainees, practitioners, and educators, we are constrained by 
the publishing format currently available for textbooks. There¬ 
fore, our second edition remains mostly accessible in print or 
PDF format. The videos have moved from being primarily avail¬ 
able on DVD to a companion website. Future efforts will no 
doubt benefit from greater electronic access to the text and 
images. 

As with the first edition, this book is the product of many 
excellent contributions from the best physician and sonographer 
experts in the field. We are indebted to their dedication to the 
field and their commitment to education. We remain grateful to 
our mentors and colleagues, and we continue to be inspired by 
our trainees. The staff at Wiley-Blackwell have been truly sup¬ 
portive, and the professional appearance of this book is due to 
their many contributions. Finally, this and all projects in which 
the editors are involved remain possible only with the unwaver¬ 
ing support of our families and friends. 

Wyman W. Lai, MD, MPH 
Luc L. Mertens, MD 
Meryl S. Cohen, MD 
Tal Geva, MD 
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About the Companion Website 


This book is accompanied by a companion website: 



www.lai-echo.com 

The companion website includes over 580 video clips, referenced at the end of the chapters throughout the book. 
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PARTI 


Introduction to Cardiac 
Ultrasound Imaging 



CHAPTER 1 


Ultrasound Physics 


Jan D'hooge 1 and Luc L. Mertens 2 

department of Cardiovascular Sciences, Catholic University of Leuven; Medical Imaging Research Center, University Hospital Gasthuisberg, Leuven, Belgium 
2 Cardiology, The Hospital for Sick Children; Department of Pediatrics, University of Toronto, Toronto, ON, Canada 


Physics and technology of echocardiography 

Echocardiography is the discipline of medicine in which images 
of the heart are created by using ultrasound waves. Knowledge of 
the physics of ultrasound helps us to understand how the differ¬ 
ent ultrasound imaging modalities operate and also is important 
when operating an ultrasound machine to optimize the image 
acquisition. 

This section describes the essential concepts of how ultra¬ 
sound waves can be used to generate an image of the heart. Cer¬ 
tain technological developments will also be discussed as well as 
how systems settings influence image characteristics. For more 
detailed treatment of ultrasound physics and imaging there is 
dedicated literature, to which readers should refer, for example 
[ 1 , 2 ]. 

How the ultrasound image is created 

The pulse-echo experiment 

To illustrate how ultrasound imaging works, the acoustic “pulse- 
echo” experiment can be used: 

1 A short electric pulse is applied to a piezoelectric crystal. This 
electric field will induce a shape change of the crystal through 
reorientation of its polar molecules. In other words, due to 
application of an electric field the crystal will momentarily 
deform. 

2 The deformation of the piezoelectric crystal induces a local 
compression of the tissue with which the crystal is in contact: 
that is, the superficial tissue layer is briefly compressed result¬ 
ing in an increase in local pressure; this is the so-called acous¬ 
tic pressure (Figure 1.1). 

3 Due to an interplay between tissue elasticity and inertia, this 
local tissue compression (with subsequent decompression, 
i.e., rarefaction) will propagate away from the piezoelectric 
crystal at a speed of approximately 1530 m/s in soft tissue 
(Figure 1.2). This is called the acoustic wave. The rate of 
compression/decompression determines the frequency of the 


wave and is typically 2.5-10 MHz (i.e., 2.5-10 million cycles 
per second) for diagnostic ultrasonic imaging. As these fre¬ 
quencies cannot be perceived by the human ear, these waves 
are said to be “ultrasonic.” The spatial distance between sub¬ 
sequent compressions is called the wavelength (X) and relates 
to the frequency (/) and sound velocity (c) as: Xf = c. Dur¬ 
ing propagation, acoustic energy is lost mostly as a result of 
viscosity (i.e., friction) resulting in a reduction in amplitude 
of the wave with propagation distance. The shorter the wave¬ 
length (i.e., the higher the frequency), the faster the particle 
motion and the larger the viscous effects. Higher frequency 
waves will thus attenuate more and penetrate less deep into 
the tissue. 

4 Spatial changes in tissue density or tissue elasticity will result 
in a disturbance of the propagating compression (i.e., acous¬ 
tic) wave and will cause part of the energy in the wave to 
be reflected. These so-called “specular reflections” occur, for 
example, at the interface between different types of tissue (e.g., 
blood and myocardium) and behave in a similar way to optic 
waves in that the direction of the reflected wave is determined 
by the angle between the reflecting surface and the incident 
wave (cf. reflection of optic waves on a water surface). When 
the spatial dimensions of the changes in density or compress¬ 
ibility become small relative to the wavelength (i.e., below 
~ 100 pm), these inhomogeneities will cause part of the energy 
in the wave to be scattered, that is, retransmitted in all possi¬ 
ble directions. The part of the scattered energy that is retrans¬ 
mitted back into the direction of origin of the wave is called 
backscatter. Both the specular and backscattered reflections 
propagate back towards the piezoelectric crystal. 

5 When the reflected (compression) waves impinge upon the 
piezoelectric crystal, the crystal deforms. This results in rela¬ 
tive motion of its (polar) molecules and generation of an elec¬ 
tric field, which can be detected and measured. The ampli¬ 
tude of this electric signal is directly proportional to the 
amount of compression of the crystal, that is, the amplitude of 
the reflected/backscattered wave. This electric signal is called 
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the radio-frequency (RF) signal and represents the ampli¬ 
tude of the reflected ultrasound wave as a function of time 
(Figure 1.3). Because reflections occurring further away from 
the transducer need to propagate further, they will be received 
later. As such, the time axis in Figure 1.3 can be replaced by 
the propagation distance of the wave (i.e., depth). The signal 
detected by the transducer is typically electronically ampli¬ 
fied. The amount of amplification has a preset value but can 
be modified on an ultrasound system by using the “gain” 
button (typically the largest button on the operating panel). 


Importantly, the overall gain will amplify both the signal 
and potential measurement noise and will thus not affect the 
signal-to-noise ratio. 

In the example shown in Figure 1.3, taken from a water tank 
experiment, two strong specular reflections can be observed 
(around 50 and 82 ps, respectively) while the lower ampli¬ 
tude reflections in between are scatter reflections. In clinical 
echocardiography, the most obvious specular reflection is the 
strong reflection coming from the pericardium observed in the 
parasternal views as a consequence of its increased stiffness with 




Figure 1.2 The local tissue compression/ 
decompression propagates away from its 
source at a speed of approximately 1530 m/s 
in soft tissue. 
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Figure 1.3 The reflected amplitude of the reflected ultrasound waves as a 
function of time after transmission of the ultrasound pulse is called the 
radio-frequency (RF) signal. 


respect to the surrounding tissues. The direction of propagation 
of the specular reflection is determined by the angle between the 
incident wave and the reflecting surface. Thus, the strength of 
the observed reflection will depend strongly on the exact trans¬ 
ducer position and orientation with respect to the pericardium. 
Indeed, for given transducer positions/orientations, the strong 
specular reflection might propagate in a direction not detectable 
by the transducer. For this reason, the pericardium typically does 
not show as bright in the images taken from an apical transducer 
position. In contrast, scatter reflections are not angle dependent 
and will always be visible for a given structure independent of 
the exact transducer position. 

The total duration of the above described “pulse-echo” exper¬ 
iment is about 100 ps when imaging at 5 MHz. The reflected 
signal in Figure 1.3 is referred to as an A-mode image (“A” 
referring to “Amplitude”) and is the most fundamental form 
of imaging given that it tells us something about the acoustic 
characteristics of the materials in front of the transducer. For 
example, Figure 1.3 clearly shows that at distance of ~3.7 cm 
in front of the transducer the propagation medium changes 
density and/or compressibility with a similar change occur¬ 
ring at a distance of ~6.3 cm (these distances correspond to 
50/82 ps X 1530 m/s - which is the total propagation distance 
of the wave - divided by two as the wave has to travel back and 
forth). The 2.6 cm of material in between these strong reflections 
is acoustically inhomogeneous (i.e., shows scatter reflections) 
and thus contains local (very small) fluctuations in mass density 
and/or compressibility while the regions closer and further away 
from the transducer do not cause significant scatter and would 
thus be acoustically homogeneous. Indeed, this A-mode image 
was taken from a 2.6 cm thick tissue-mimicking material (i.e., 
gelatin in which small graphite particles were dissolved) put in a 
water tank. 


Grayscale encoding 

Since the A-mode image presented above is not visually attrac¬ 
tive, the RF signal resulting from a pulse-echo experiment is 

processed in the following manner: 

1 Envelope detection: The high-frequency information of the 
RF signal is removed by detecting the envelope of the signal 
(Figure 1.4). This process is also referred to as “demodulation.” 

2 Grayscale encoding: The signal is subdivided as a function of 
time in small intervals (i.e., pixels). Each pixel is attributed a 
number, defined by the local amplitude of the signal, ranging 
between 0 and 255 (2 8 or 8-bit image). “0” represents “black;” 
“255” represents “white;” a value in between is represented by 
a grayscale. By definition, bright pixels correspond to high- 
amplitude reflections. This process is illustrated in Figure 1.4. 
Please note that a different kind of color encoding is also pos¬ 
sible simply by attributing different colors to the range of val¬ 
ues between 0 and 255. For example, shades of blue or bronze 
are also popularly used. The choice of the color map used 
to display an image is a matter of preference and can eas¬ 
ily be changed on all ultrasound systems. Nowadays, most 
ultrasound systems have 12- or 16-bit resolution images (i.e., 
encoding 4096 or 65536 gray/color levels). 

3 Attenuation correction : As wave amplitude decreases with 
propagation distance due to attenuation (mostly due to con¬ 
version of acoustic energy to heat), reflections from deeper 
structures are intrinsically smaller in amplitude and there¬ 
fore show less bright. In order to give identical structures 
located at different distances from the transducer a simi¬ 
lar gray value (i.e., reflected amplitude), compensation for 
this attenuation must occur. Thus, an attenuation profile as 
a function of distance from the transducer is assumed, which 
allows for automatic amplification of the signals from deeper 
regions - the so-called automated time-gain compensation 
(TGC), also referred to as depth-gain compensation. As the 
pre-assumed attenuation profile might be incorrect, sliders on 
the ultrasound scanner (TGC toggles) allow for manual cor¬ 
rection of the automatic compensation and will result in more 
or less local amplification of the received signal as required 
to obtain a more homogenous brightness of the image. In 
this way, the operator can optimize local image brightness. 
It is recommended to start scanning using a neutral setting 
of these sliders, as attenuation characteristics will be patient 
and view specific. For each view the TGC can be optimized 
manually. 

4 Log-compression : In order to increase the image contrast in 
the darker (i.e., less bright) regions of the image, gray val¬ 
ues in the image may be redistributed according to a loga¬ 
rithmic curve (Figure 1.5). The characteristics of this com¬ 
pression (i.e., local contrast enhancement) can be changed 
through settings on the ultrasound scanner. They will not 
change the ultrasound acquisition as such (and thus impact 
image quality) but will merely influence the visual representa¬ 
tion of the resulting image. This is similar to what is nowadays 
very common in digital photography, where ambient lighting 
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Figure 1.4 The RF signal is demodulated in order to detect its envelope. This envelope signal (bold) is color encoded based on the local signal amplitude. 



Original gray value 


Figure 1.5 The logarithmic compression curve. 
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Figure 1.6 Translation of the ultrasound 
source results in a linear image format (a) 
whereas pivoting results in sector images (b). 



and/or contrast can be retrospectively enhanced. The setting 
on the system impacting the visual aspect of the image is the 
so-called “dynamic range” which will change the number of 
gray values used and will therefore result in “hard” (i.e., almost 
black-and-white images without much gray) or “soft” images 
for low and high dynamic range, respectively. 

Image construction 

In order to obtain an ultrasound image, the above procedures of 
signal acquisition and post-processing are repeated. 

For conventional B-mode imaging (“B” referring to “bright¬ 
ness” mode), the transducer can either be translated (Fig¬ 
ure 1.6a) or tilted (Figure 1.6b) within a plane between two sub¬ 
sequent “pulse-echo” experiments. In this way, a conventional 
2D cross-sectional image is obtained. The same principle holds 
for 3D imaging by moving the ultrasound beam in 3D space 
between subsequent acquisitions. 

Alternatively, the ultrasound beam is transmitted into the 
same direction for each transmitted pulse. In that case, an image 
line is obtained as a function of time, which is particularly use¬ 
ful to look at motion. This modality is therefore referred to as 
M-mode (motion-mode) imaging. 


Image artifacts 

Side lobe artifacts 

In the construction of an ultrasound image, the assumption is 
made that all reflections originate from a region directly in front 
of the transducer. Although most of the ultrasound energy is 
indeed centered on an axis in front of the transducer, in prac¬ 
tice part of the energy is also directed sideways (i.e., directed off- 
axis). The former part of the ultrasound beam is called the main 
lobe whereas the latter is referred to as the side lobes (Figure 1.7). 

Because the reflections originating from these side lobes are 
much smaller in amplitude than the ones coming from the main 
lobe, they can typically be neglected. However, image artifacts 
can arise when the main lobe is in an anechoic region (i.e., a 
cyst or inside the left ventricular cavity) causing the relative con¬ 
tribution of the side lobes to become significant. In this way, a 
small cyst or lesion may be more difficult to detect, as it appears 
brighter than it should due to spillover of (side-lobe) energy 
from neighboring regions. Similarly, when using contrast agents 
(see later) the reflections resulting from small side lobes may 
still become significant as these agents reflect energy strongly. 
As such, increased brightness may appear in regions adjacent to 
regions filled with contrast without contrast being present in the 
region itself. 


Figure 1.7 Reflections caused by side lobes 
(red) will induce image artifacts because all 
reflections are assumed to arrive from the 
main ultrasound lobe (green). 
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Reverberation artifacts 

When the reflected wave arrives at the transducer, part of the 
energy is converted to electrical energy as described in the 
previous section. However, another part of the wave is sim¬ 
ply reflected on the transducer surface and will start propagat¬ 
ing away from the transducer as if it were another ultrasound 
transmission. This secondary “transmission” will propagate in a 
way similar to that of the original pulse, which means that it is 
reflected by the tissue and detected again (Figure 1.8). 

These higher-order reflections are called reverberations and 
give rise to ghost (mirror image) structures in the image. These 
ghost images typically occur when strongly reflecting structures 
such as ribs or the pericardium are present in the image. Sim¬ 
ilarly, as the reflected wave coming from the pericardium is 
very strong, its backscatter (i.e., propagating again towards the 
pericardium) will be sufficiently strong as well. This wave will 
reflect on the pericardium and can be detected by the trans¬ 
ducer after the actual pericardial reflection arrives. In clinical 
practice, this causes a ghost image to be created behind the 
pericardial reflection that typically appears as a mirror image 
of the left ventricle around the pericardium in a parasternal 
long-axis view. 

Shadowing and dropout artifacts 

When perfect reflections occur, no acoustic energy is transmit¬ 
ted to more distal structures and - as a consequence - no reflec¬ 
tions from these distal structures can be obtained. As a result, a 
very bright structure will appear in the image followed by a sig¬ 
nal void, that is, an acoustic shadow. For example, when a metal¬ 
lic artificial valve has been implanted, the metal (being very 
dense and extremely stiff) can cause close to perfect ultrasound 


- *- 

Time 

Figure 1.8 A transmitted wave (green) will reflect 
and result in an echo signal (green). The reflected 
wave will, however, partially reflect at the 
transducer surface (red) and generate secondary 
signals (red). 

reflections resulting in an apparently anechoic region distal to 
the valve. This occurs because no ultrasound energy reaches 
these deeper regions. Similarly, some regions in the image may 
receive little ultrasound energy due to superficial structures 
blocking ultrasound penetration. Commonly, ribs (being more 
dense and stiff than soft tissue) are fairly strong reflectors at car¬ 
diac diagnostic frequencies and can impair proper visualization 
of some regions of the image. These artifacts are most commonly 
referred to as “dropout” and can only be avoided - if at all - by 
changing the transducer position/orientation. 

When signal dropout occurs at deeper regions only, the 
acoustic power transmitted can be increased. This will obvi¬ 
ously result in more energy penetrating to deeper regions and 
will increase the overall signal-to-noise ratio of the image (in 
contrast to increasing the overall gain of the received signals 
as explained earlier). However, the maximal transmit power 
allowed is limited in order to avoid potential adverse biolog¬ 
ical effects. Indeed, at higher energy levels, ultrasound waves 
can cause tissue damage either due to cavitation (i.e., the for¬ 
mation of vapor cavities that subsequently implode and gener¬ 
ate very high local pressures and temperatures) or tissue heat¬ 
ing. The former risk is quantified in the “mechanical index” 
(MI) and should not pass a value of 1.9 while the latter is esti¬ 
mated through a “thermal index” (TI). Both parameters are 
displayed on the monitor during scanning and will increase 
with increasing power output. The operator thus has to find 
a compromise between image quality (including penetration 
depth) and the risk of adverse biological effects. In case pene¬ 
tration is not appropriate at maximal transmit power, the oper¬ 
ator has to choose a transducer with lower transmit frequency 
(see earlier). 


Transmitted 

pulse 



Reflected 

pulse at transducer 
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Figure 1.9 An array of crystals can be used to 
steer the ultrasound beam electronically by 
introducing time delays between the activation of 
individual elements in the array 




Ultrasound technology and image 
characteristics 

Ultrasound technology 

Phased array transducers 

Rather than mechanically moving or tilting the transducers, 
as in early generation ultrasound machines, modern ultra¬ 
sound devices use electronic beam steering. To do this an array 
of piezoelectric crystals is used. By introducing time delays 
between the excitation of different crystals in the array, the ultra¬ 
sound wave can be sent in a specific direction without mechan¬ 
ical motion of the transducer (Figure 1.9). The RF signal for a 
transmission in a particular direction is then simply the sum of 
the signals received by the individual elements. These individual 
contributions can be filtered, scaled, and time-delayed separately 
before summing. This process is referred to as beam-forming 
and is a crucial element for obtaining high-quality images. The 
scaling of the individual contributions is typically referred to as 
apodization and is critical in suppressing side lobes and thus 
avoiding the associated artifacts. 


This concept can be generalized by creating a 2D matrix of 
elements that enables steering of the ultrasound beam in three 
dimensions. This type of transducer is referred to as a matrix 
array or 2D array transducer. Because each of the individual 
elements of such an array needs electrical wiring, manufactur¬ 
ing such a 2D array remained technically challenging for many 
years, in part because of the limitation of the thickness of the 
transducer cable. Generally, these obstacles have been overcome 
and 2D arrays are now readily available. 

Second harmonic imaging 

Wave propagation as illustrated in Figure 1.2 is only valid when 
the amplitude of the ultrasound wave is relatively small (i.e., the 
acoustic pressures involved are small). Indeed, when the ampli¬ 
tude of the transmitted wave becomes significant, the shape of 
the ultrasound wave will change during propagation, as illus¬ 
trated in Figure 1.10. This phenomenon of wave distortion dur¬ 
ing propagation is referred to as nonlinear wave propagation. It 
can be shown that this wave distortion causes harmonic frequen¬ 
cies (i.e., integer multiples of the transmitted frequency) to be 




Figure 1.10 Nonlinear wave behavior results in 
changes in shape of the waveform during 
propagation. 
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generated. Transmitting a 1.7-MHz ultrasound pulse will thus 
result in the spontaneous generation of frequency components 
of 3.4, 5.1, 6.8, 8.5 MHz, and so on. These harmonic compo¬ 
nents will grow stronger with propagation distance. The rate at 
which the waveform distorts for a specific wave amplitude is tis¬ 
sue dependent and characterized by a nonlinearity parameter, p 
(or the so-called “B/A” parameter). 

The ultrasound scanner can be set up to receive only the sec¬ 
ond harmonic component through filtering of the received RF 
signal. If further post-processing of the RF signal is done in 
exactly the same way as described earlier, a second harmonic 
image is obtained. Such an image typically has a better signal-to- 
noise ratio by avoiding clutter noise due to (rib) reverberation 
artifacts. This harmonic image is commonly used in patients 
with poor acoustic windows and poor penetration. Although 
harmonic imaging increases signal-to-noise, it has intrinsically 
poorer axial resolution as elucidated later. Please note that higher 
harmonics (i.e., third, fourth, etc.) are present but typically fall 
outside the bandwidth of the transducer and thus remain unde¬ 
tected. Harmonic imaging has become the default cardiac imag¬ 
ing mode for adult scanning on many systems. It is typically 
unnecessary to use harmonic imaging in young infants but is 
often required to enhance the image in the older patient. Switch¬ 
ing between conventional and harmonic imaging is done by 
changing the transmit frequency of the system. For lower fre¬ 
quency transmits, it will automatically enter a harmonic imaging 
mode, which is indicated on the display by showing both trans¬ 
mit and receive frequencies (i.e., 1.7/3.4 MHz). When a single 
frequency is displayed, the scanner is in a conventional (i.e., fun¬ 
damental) imaging mode. For pediatric scanning, especially in 
smaller infants, fundamental imaging is the preferred mode due 
to its better spatial resolution. 

Contrast imaging 

As blood reflects little ultrasound energy it shows dark in the 
image. For some applications (such as myocardial perfusion 
assessment) it can be useful to artificially increase the blood 
reflectivity. This can be achieved using an ultrasound contrast 
agent. As air is an almost perfect reflector of ultrasound energy 
given it is very compressible and has a low density compared to 
soft tissue, it often is used as a contrast agent. As such, the injec¬ 
tion of small air bubbles (of diameter similar to that of red blood 
cells) will increase blood reflectivity. This can be done using agi¬ 
tated saline or by using ultrasound contrast agents that encapsu¬ 
late air bubbles in order to limit diffusion of the air (or a heavier 
gas) in blood. Contrast imaging can be used to help in visualizing 
the endocardial border by enhancing the difference in gray value 
between the myocardium and the blood pool (i.e., left ventricu¬ 
lar opacification) or to detect shunts. Similarly, contrast agents 
can be used to increase the brightness of perfused (myocar¬ 
dial) tissue although artifacts become more prominent and may 
make interpretation less obvious. At present, different contrast 
agents are commercially available for clinical use but none of 


them have been approved for pediatric use. Especially in the 
presence of right-to-left shunting, contrast agents should be used 
carefully. 

Image resolution 

Resolution is defined as the shortest distance at which two adja¬ 
cent objects can be distinguished as separate. The spatial reso¬ 
lution of an ultrasound image varies depending on the position 
of the object relative to the transducer. Also the resolution in the 
direction of the image line (range or axial resolution) is differ¬ 
ent from the one perpendicular to the image line within the 2D 
image plane (azimuth or lateral resolution ), which is different 
again from the resolution in the direction perpendicular to the 
image plane (elevation resolution). 

Axial resolution 

In order to obtain an optimal axial resolution, a short ultra¬ 
sound pulse needs to be transmitted. The length of the trans¬ 
mitted pulse is mainly determined by the characteristics of the 
transducer. Current transducers can generate multiple frequen¬ 
cies influencing axial resolution by selecting different frequen¬ 
cies. The bandwidth is most commonly expressed relative to the 
center frequency of the transducer. A typical value would be 
80% implying that for a 5-MHz transducer the absolute band¬ 
width is about 4 MHz. This type of transducer can thus gen¬ 
erate/receive frequencies in the range of 3-7 MHz. The abso¬ 
lute transducer bandwidth is typically proportional to the mean 
transmission frequency. A higher frequency transducer will thus 
produce shorter ultrasound pulses and thus, better axial resolu¬ 
tion. Unfortunately, higher frequencies are attenuated more by 
soft tissue and are impacted by depth (see earlier). As such, a 
compromise needs to be made between image resolution and 
penetration depth (i.e., field of view). In pediatric and neona¬ 
tal cardiology, higher frequency transducers can be used that 
increase image spatial resolution. Generally, for infants 10-12- 
MHz transducers are used resulting in a typical axial resolution 
of the order of 250 pm. 

Most systems allow changing the transmit frequency of the 
ultrasound pulse within the bandwidth of the transducer. As 
such, a 5-MHz transducer can be used to transmit a 3.5-MHz 
pulse which can be practical when penetration is not sufficient 
at 5 MHz. The lower frequency will result in a longer transmit 
pulse with a negative impact on axial resolution. Similarly, for 
second harmonic imaging a narrower band pulse needs to be 
transmitted, as part of the bandwidth of the transducer needs to 
be used to be able to receive the second harmonic. As such, in 
harmonic imaging mode, a longer ultrasound pulse is transmit¬ 
ted (i.e., less broadband) resulting in a worse axial resolution of 
the second harmonic image despite improvement of the signal- 
to-noise ratio. Therefore, some of the cardiac structures appear 
thicker, especially valve leaflets. This should be considered when 
interpreting the images. 
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Figure 1.11 Introducing time delays during transmission of individual 
array elements (left) allows for all wavelets to arrive at a particular point 
(focus) simultaneously Similarly, received echo signals can be time delayed 
so that they constructively interfere (receive focus). 


Lateral resolution 

Lateral resolution is determined by the width of the ultra¬ 
sound beam (i.e., the width of the main lobe). The narrower the 
ultrasound beam, the better the lateral resolution. In order to 
narrow the ultrasound beam, several methods can be used but 
the most obvious one is focusing. This is achieved by introduc¬ 
ing time delays between the firing of individual array elements 
(similar to what is done for beam steering) in order to assure that 
the transmitted wavelets of all individual array elements arrive 
at the same position at the same time and will thus construc¬ 
tively interfere (Figure 1.11). Similarly, time delaying the reflec¬ 
tions of the individual crystals in the array will make sure that 
reflections coming from a particular point in front of the trans¬ 
ducer will sum in phase and therefore create a strong echo signal 
(Figure 1.11). Because the sound velocity in soft tissue is known, 
the position from which reflections can be expected is known at 
each time instance after transmission of the ultrasound pulse. As 
such, the time delays applied in receive can be changed dynam¬ 
ically in order to move the focus point to the appropriate posi¬ 
tion. This process is referred to as dynamic (receive) focusing. 
In practice, dynamic receive focusing is always used and does 
not need adjustments by the operator in contrast to the transmit 
focus point whose position should be set manually. Obviously 
to resolve most morphologic detail, the transmit focus should 
always be positioned close to the structure/region of interest. 
Most ultrasound systems allow selecting multiple transmit focal 
points. In this setting, each image line will be created multiple 
times with a transmit pulse at each of the set focus positions and 
the resulting echo signals will be combined in order to gener¬ 
ate a single line in the image. Although this results in a more 
homogeneous distribution of the lateral resolution with depth, 
this obviously implies that it takes more time to generate a sin¬ 
gle image and thus will result in lowering the frame rate (i.e., 
temporal resolution). 

The easiest way to improve the focus performance of a trans¬ 
ducer is by increasing its size (i.e., aperture). Unfortunately, the 
footprint needs to fit between the patient s ribs, thereby limiting 
the size of the transducer and thus limiting lateral resolution of 


the imaging system. For an 8-MHz pediatric transducer, realistic 
numbers for the lateral resolution of the system are depth depen¬ 
dent and are approximately 0.3 mm at 2 cm going up to 1.2 mm 
at 7 cm depth. 

Elevation resolution 

For elevation resolution, the same principles hold as for lateral 
resolution in the sense that the dimension of the ultrasound 
beam in the elevation direction will be determinant. However, 
most ultrasound devices are still equipped with ID array trans¬ 
ducers. As such, focusing in the elevation direction needs to be 
done by the use of acoustic lenses (similar to optic lenses acous¬ 
tic lenses concentrate energy in a given spatial position), which 
implies that the focus point is fixed in both transmit and receive 
(i.e., dynamic focusing is not possible in the elevation direction). 
This results in a resolution in the elevation direction that is worse 
than the lateral resolution. The homogeneity of the resolution is 
also worse with depth. Moreover, transducer aperture in the ele¬ 
vation direction is typically somewhat smaller (in order to fit in 
between the ribs of the patient) resulting in a further decrease of 
elevation resolution compared to the lateral component. Newer 
systems with 2D array transducer technology have more similar 
lateral and elevation image resolution. Matrix array transducers 
not only create 3D images but also allow generating 2D images 
of higher/more homogeneous spatial resolution. 

Temporal resolution 

Typically a 2D pediatric cardiac image consists of 300 lines. The 
construction of a single image thus takes about 300 X 100 ps 
(the time required to acquire one line as explained earlier) or 
30 ms. About 33 images can be produced per second, which is 
sufficient to look at motion (e.g., standard television displays 
only 25 frames per second). With more advanced imaging tech¬ 
niques such as parallel beam forming, higher frame rates can be 
obtained (70-80 Hz). In order to increase frame rate, either the 
field of view can be reduced (i.e., a smaller sector will require 
fewer image lines to be formed and will thus speed up the acqui¬ 
sition of a single frame) or the number of lines per frame (i.e., 
the line density) can be reduced. The latter comes at the cost 
of spatial resolution, as image lines will be further apart. There 
is thus an intrinsic trade-off between the image field-of-view, 
spatial resolution and temporal resolution. Most systems have a 
“frame rate” button nowadays that allow changing the frame rate 
although this always comes at the expense of spatial resolution. 
Higher frame rates are important when the heart rate is higher 
as is often the case in pediatric patients and when you want to 
study quickly moving structures like valve leaflets or myocardial 
wall motion. 

Image optimization in pediatric echocardiography 

All the aforementioned principles can be used to optimize 
image acquisition in the pediatric population. As children are 
smaller, less penetration is required. The heart rates are higher 
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requiring higher temporal resolution and, as structural heart 
disease is more common in the pediatric age group spatial 
resolution needs to be optimized to obtain the best possible 
diagnostic images. Image optimization will always be a com¬ 
promise between spatial and temporal resolution. A few gen¬ 
eral recommendations can be made which can help in image 
optimization: 

1 Always use the highest possible transducer frequency to opti¬ 
mize spatial resolution. For infants high-frequency probes 
(8-12 MHz) must be available and used. Often differ¬ 
ent transducers have to be used for different parts of the 
exam. So, for instance, for subcostal imaging in a new¬ 
born, a 5- or 8-MHz probe can be used while for the 
apical and parasternal windows a 10-12-MHz probe often 
provides better spatial resolution. For larger children and 
young adults 5-MHz and rarely 2.5-3.5-MHz probes can 
be used, although for the parasternal windows the higher- 
frequency probes generate good quality images also in this 
population. 

2 Especially in smaller children harmonic imaging does not 
necessarily result in better image quality due to its intrinsi¬ 
cally lower axial resolution. In general, fundamental frequen¬ 
cies provide good-quality images. Harmonic imaging is gen¬ 
erally more useful in larger children and adults. 

3 Gain and dynamic range settings are adjusted to optimize 
image contrast so that the structures of interest can be seen 
with the highest possible definition. TGCs are used to make 
the images as homogeneous as possible at different depths. 
Image depth and focus are always optimized to image the 
structures of interest. 

4 For optimizing temporal resolution the narrowest sector pos¬ 
sible is to be used. 

5 Depth settings are minimized to include the region of interest. 


Doppler imaging 
Continuous-wave Doppler 

When an acoustic source moves relative to an observer, the fre¬ 
quencies of the transmitted and the observed waves are different. 
This phenomenon is known as the Doppler effect. A well-known 
example is that of a whistling train passing a static observer: the 
observed pitch of the whistle is higher when the train approaches 
than when it moves away. 

The Doppler phenomenon can be used to measure tis¬ 
sue and blood velocities by comparing the transmitted to the 
received ultrasound frequency. Indeed, when ultrasound scatter¬ 
ing occurs at stationary tissues, the transmitted and reflected fre¬ 
quencies are identical. This statement is only true when attenua¬ 
tion effects are negligible. In soft tissue there will be an intrinsic 
frequency shift due to frequency-dependent attenuation. When 
scattering occurs at tissue in motion (Figure 1.12), a (additional) 
frequency shift - the Doppler shift (f D ) - will be induced that is 
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Figure 1.12 The Doppler effect will induce a frequency shift of the 
transmitted ultrasound wave when the reflecting object is in motion. 

directly proportional to the velocity (v) by which the tissue is 
moving: 

f D = —2v cos0/ r /c 

where f T is the transmit frequency, 0 is the angle between the 
direction of wave propagation and the tissue motion, and c is 
the velocity of sound in soft tissue (i.e., 1530 m/s). Note that for 
motion orthogonal to the image line, 0 = 90° and the Doppler 
shift is zero regardless of the amplitude of the tissue velocity 
v. The Doppler phenomenon thus only allows measuring the 
magnitude of the velocity along (parallel to) the image line (i.e., 
motion towards or away from the transducer) while motion 
orthogonal (perpendicular) to the line is not detected. In prac¬ 
tice, an angle up to 20° is considered acceptable in order to 
obtain clinically relevant Doppler measurements. Ideally, the 
angle should always be minimized by selecting the proper image 
line for the Doppler recording or by repositioning the ultrasound 
transducer. Notably, the velocities cannot be overestimated due 
to angle dependency; thus, the highest value recorded is closest 
to the true one. Moreover, in case the angle between the flow 
and the ultrasound line is known (i.e., 0 in the above equation), 
the velocity estimate can be corrected for this angle. Although 
this is possible in laminar flow conditions (such as flow in a 
nonstenosed vessel), the flow direction is typically not known in 
cardiac applications. Angle correction is therefore typically not 
made in cardiac ultrasound and should be used with care when 
applied. 

In order to make a Doppler measurement, one piezoelectric 
crystal is used for transmitting a continuous wave of a fixed fre¬ 
quency and a second crystal is used to continuously record the 
reflected signals. Both crystals are embedded in the same trans¬ 
ducer, and the frequency difference, that is, the Doppler shift, is 
continuously determined. The instantaneous shift in frequency 
is converted to a velocity according to the Doppler equation 
and is displayed as a function of time in a so-called spectro¬ 
gram. However, because different velocities are present within 
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Figure 1.13 Example of a continuous-wave 
Doppler spectrogram of the left ventricular 
outflow tract. 



the ultrasound beam for any given time instance during the car¬ 
diac cycle, a range of Doppler frequencies is typically detected. 
Thus, there is a spectrum of Doppler shifts measured and dis¬ 
played in the spectrogram (Figure 1.13) - hence the name “spec¬ 
tral Doppler” often encountered in literature. Depending on 
the clinical application, the speed at which the spectrogram is 
updated can be modified (i.e., the sweep speed). For example, 
to look at beat-to-beat variations during the respiratory cycle, a 
low sweep speed can be used while a high sweep speed is needed 
when looking at flow characteristics within a single cardiac cycle. 

Finally, as typical blood velocities cause a Doppler shift in the 
sonic range (20 Hz to 20 kHz), the Doppler shift itself can be 
made audible to the user. A high pitch (large Doppler shift) cor¬ 
responds to a high velocity whereas a low pitch (small Doppler 
shift) corresponds to a low velocity. As such, the user gets both 
visual (spectrogram) and aural information on the velocities 
instantaneously present in the ultrasound beam. 

The system described earlier is referred to as the continuous- 
wave (CW) Doppler system. As an ultrasound wave is trans¬ 
mitted continuously, no spatial information is obtained. Indeed, 
all velocities occurring anywhere within the ultrasound beam 
(i.e., on the selected ultrasound line of interrogation) will con¬ 
tribute to the reflected signal and appear in the spectrogram. In 
fact, as the ultrasound signal weakens with depth due to atten¬ 
uation, velocities close to the transducer will intrinsically con¬ 
tribute more than the ones occurring further away. For most 
applications CW Doppler is combined with 2D imaging which 
allows the operator to align the Doppler signal based on the 
anatomical information. Sometimes the relatively large footprint 
of the probe does not allow a good Doppler alignment and the 
use of a small blind probe can help with obtaining better Doppler 
alignment. This can be used, for instance, for measurement of 


a peak gradient across the aortic valve in case of aortic valve 
stenosis. 

Optimization of CW Doppler 

1 Alignment with the direction of the measured velocity should 
be optimized. 

2 The gain control affects the ratio of the output signal strength 
to the input signal strength. The gain controls should be 
manipulated to produce a clean uniform profile without any 
“blooming.” The gain controls should be turned up to overem¬ 
phasize the image and then adjusted down. This will prevent 
any loss of information due to too little gain. 

3 The compress control assigns the varying amplitudes a certain 
shade of gray. If the compress control is very low or high the 
quality of the spectral analysis graph will be affected and this 
may lead to erroneous interpretation. 

4 The reject button eliminates the smaller amplitude signals that 
are below a certain threshold level. This will help to provide a 
cleaner image and may make measurements more obvious. 

5 The filter is used to reduce the noise that occurs from reflec¬ 
tors that are produced from walls and other structures that are 
within the range of the ultrasound beam. 

Pulsed-wave Doppler 

The “pulse-echo” measurement described previously can be 
repeated along a particular line in the ultrasound image at a 
given repetition rate (referred to as the “pulse repetition fre¬ 
quency,” or PRF). Rather than acquiring the complete RF sig¬ 
nal as a function of time, in pulsed-wave Doppler mode, a single 
sample of each reflected pulse is taken at a fixed time after the 
transmission of the pulse (the so-called range gate or sample vol¬ 
ume). Assuming the position of the scattering sites relative to the 
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Figure 1.14 Schematic illustration of the 
principle of the pulsed-wave Doppler system. 


transducer remains constant over time, all reflections (therefore 
all samples taken at the range gate) will be identical. However, 
when the tissue is moving relative to the transducer, the ultra¬ 
sound wave will have to travel further (motion away from the 
transducer) or less far (motion toward the transducer) between 
subsequent acquisitions. As a result, the reflected signal will 
shift in time and the sample taken at the range gate will change 
(Figure 1.14). 

It can be demonstrated that the frequency of the signal con¬ 
structed in this way is directly proportional to the velocity of the 
reflecting object following the same mathematical relationship 
that is given in the Doppler equation. For this reason, this imag¬ 
ing mode is referred to as pulsed-wave (PW) Doppler imaging 
despite the fact that the Doppler phenomenon as such is not 
exploited. 

Note that motion orthogonal to the direction of wave propa¬ 
gation will not induce a significant change in propagation dis¬ 
tance for the ultrasound wave; it will not result in a significant 


time shift of the reflected signal and will thus not be detected by 
the system. 

For a PW Doppler system, velocities are displayed as a func¬ 
tion of time in a spectrogram similar to what is done for the CW 
Doppler system (Figure 1.15). However, the velocities displayed 
in a PW spectrogram are occurring within a specific region (the 
sample volume) within the 2D image. 

In practice, more than one sample is taken at the range gate. 
Moreover, it can be demonstrated that the accuracy of the veloc¬ 
ity estimate is better for narrow band pulses (i.e., ultrasound 
pulses containing relatively few frequencies). By changing the 
size of the range gate, the bandwidth of the transmitted pulse 
can be changed. A larger range gate (i.e., a longer or more nar¬ 
row band transmit pulse) will improve the accuracy of the veloc¬ 
ity estimate and will improve the signal-to-noise ratio of the 
spectrogram but will obviously result in a less localized mea¬ 
surement. The operator can change the size of the range gate as 
appropriate. 
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Figure 1.15 Example of a pulsed-wave Doppler 
spectrogram of the left ventricular outflow tract. 
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As explained earlier, blood is relatively poorly echogenic mak¬ 
ing it appear dark in the B-mode image. As a result, echo sig¬ 
nals obtained from the blood are sensitive to, for example, side 
lobe artifacts and may thus contain echo signals coming from the 
wall. In order to avoid displaying these “spilled over” velocities 
in the spectrogram, low velocities are removed from the spectro¬ 
gram using a high pass filter typically referred to as the “wall fil¬ 
ter.” The cut-off frequency of this high pass filter can be manually 
selected and should be chosen such that strong, low-amplitude 
velocities from the wall are adequately removed without signifi¬ 
cantly impacting the velocity spectrum of the blood itself. 

Aliasing 

If the velocity of the scattering object is relatively large and the 
shift between two subsequent acquisitions is larger than half a 
wavelength, the PW Doppler system cannot differentiate this 



high velocity (Figure 1.16a - red signal) from a low velocity 
(Figure 1.16a - green signal) because the extracted samples at 
the range gate are identical. This effect is known as aliasing, and a 
clinical example is given in Figure 1.16b. To avoid aliasing, either 
the PRF needs to be increased or the transmit frequency needs 
to be decreased. The latter option is not commonly used in prac¬ 
tice while the former can be adjusted as required. Depending on 
the system, the PRF setting is referred to as “Nyquist velocity,” 
“Scale,” or “Velocity range.” Moreover, in case the direction of 
flow is known, most systems allow shifting the baseline of the 
spectrogram thereby increasing the maximal velocity that can 
be measured without introducing aliasing. 

Velocity resolution 

A high PRF will ensure that aliasing will not occur when the 
maximal detectable velocity is high. However, as the ultrasound 



(b) 


Figure 1.16 Principle of aliasing in Doppler acquisitions (a) and a practical example (b). 
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system can only measure a fixed number of velocity ampli¬ 
tudes, the smallest difference between two velocity amplitudes 
detectable by the system will decrease with increasing PRF. As 
such, a compromise needs to be made between velocity res¬ 
olution and maximal detectable velocity. For this reason, it is 
important in practice to keep the PRF as small as possible while 
still avoiding aliasing in order to have maximal accuracy of the 
velocity measurement. When the maximum velocity is high, PW 
Doppler will not be able to detect the highest velocity without 
aliasing and CW Doppler will be required to measure true peak 
velocities. Thus, in turbulent flow, both PW and CW Doppler 
interrogation is needed to make an accurate interpretation of 
location and maximum velocity. The velocity amplitude at which 
PW Doppler is no longer capable of measuring the velocity with¬ 
out aliasing is dependent on the transmit frequency, the PRF, and 
the depth at which these velocities occur (the closer to the trans¬ 
ducer, the higher the maximal velocity that can correctly be mea¬ 
sured). 

Optimizing PW Doppler signals 

1 As for any Doppler technique, alignment with the direction of 
the velocity is important. 

2 The gain control, compress, filter settings are similar com¬ 
pared to CW Doppler. 

3 Baseline: shift of the baseline allows the whole display to be 
used for either forward or reverse flow, which is useful if the 
flow is only in one direction. 

4 The Nyquist limit should always be optimized and be set no 
higher or lower than necessary to display the measured flow 
velocities. 

5 Sample volume: increase in sample volume increases the 
strength of the signal and more velocity information at the 
expense of a lower spatial resolution. In general the smallest 
sample volume that results in adequate signal-to-noise ratio 
should be used. 


Color flow imaging 

The PW Doppler measurement can be implemented for several 
range gates along the image line and can be repeated for each 
image line in order to obtain velocity information within a 2D 
region of interest. Flowever, many ultrasound pulses need to be 
transmitted to reconstruct a single image line (as explained ear¬ 
lier), therefore the temporal resolution of such a system would 
be extremely poor (a maximal frame rate of a few Hertz is 
obtained). In order to overcome this problem, color flow (CF) 
imaging has been developed. CF imaging allows estimation of 
the flow velocity based on only two ultrasound transmissions in 
the same direction. Although in theory two pulses are indeed 
sufficient, in practice more pulses are used to improve the qual¬ 
ity of the measurement. Indeed, similar to PW Doppler, motion 
of the scattering sites between acquisitions will result in a time 
delay between both reflected signals if motion of the tissue is 
present (Figure 1.17). By measuring this time delay between 
both reflections, the amount of tissue displacement between 
both acquisitions is obtained. The local velocity is then sim¬ 
ply calculated as this displacement divided by the time interval 
between both acquisitions (= 1/PRF). 

This procedure can be applied along the whole RF line in 
order to obtain local velocity estimates along the line (from 
close to the transducer to the deepest structures). Moreover, it is 
repeated between subsequent image lines within the 2D image. 
In this way, CF imaging can visualize the spatial distribution of 
the velocities by means of color superimposed onto the grayscale 
image. By convention, red represents velocities toward the trans¬ 
ducer and blue represents velocities away from the transducer 
whereby different shades of red/blue indicate different velocity 
amplitudes. High variance of the velocity estimate measured in 
a given pixel is typically encoded by adding yellow or green to 
the color in this pixel. In this way, regions with high variance in 
the velocity estimate are highlighted as they indicate disturbed 
(i.e., turbulent) flow. 
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Figure 1.17 Principle of color flow imaging. 
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Similar to the PW Doppler technique, aliasing can occur with 
CF imaging and can be reduced by increasing PRF (allowing less 
time for motion between the two acquisitions) or reducing the 
transmission frequency However, PRF settings are linked to the 
velocity resolution in the same way as for the PW Doppler sys¬ 
tem. An important difference with the PW Doppler technique is 
that the local average velocity rather than the local spectrum in 
velocities is measured. Peak velocity values measured with both 
techniques will thus be different with CF imaging giving lower 
peak values. 

Finally, it should be noted that creating a CF image takes more 
time than creating a B-mode image, as several pulses need to be 
sent along each image line. In order to keep the temporal resolu¬ 
tion of the CF data set acceptable, the region in which velocities 
are effectively estimated should be minimized to the anatom¬ 
ically relevant region only. All systems enable this by buttons 
affecting the size of the so-called “color box.” 

Optimizing color Doppler imaging 

1 Use the smallest color Doppler sector as necessary. Large sec¬ 
tor color Doppler has lower temporal resolution. 

2 Gain settings should be adjusted until background noise is 
detected in the color image and then reducing it so that the 
background noise disappears. 

3 Nyquist limit (scale): should be adapted depending on the 
velocities of the flows measured. When looking at high veloc¬ 
ity flows, the scale should be adjusted so a high Nyquist limit 
is chosen. When low velocities are studied (coronary flow, 
venous flows), the scale needs to be lowered to allow the dis¬ 
play of these lower velocities. 

Myocardial velocity imaging 

Doppler myocardial imaging 

The exact same Doppler systems as described earlier can be used 
to measure myocardial velocities rather than blood velocities. 
The only difference is related to filtering: when imaging blood 
velocities the goal is to filter out slowly moving, strongly reflect¬ 
ing structures (i.e., velocities originating from the myocardium) 
whereas myocardial velocity imaging requires filtering 
structures that are moving at high velocity and which have 


low scattering power (i.e., the blood). On occasion, Doppler 
myocardial imaging displays slowly moving blood as these 
velocities do not only fall within the typical myocardial velocity 
range but also have brightness similar to that of myocardium 
due to blood aggregation. To measure tissue Doppler velocities, 
both PW Doppler and color Doppler can be used. For both 
techniques optimization of the Doppler beam alignment with 
the direction of motion is important. As color Doppler velocities 
do not represent peak velocities, the velocities measured are 
generally lower compared to the velocities measured by PW 
Doppler. As in the pediatric heart tissue Doppler velocities can 
be higher than in the adult population, attention should be paid 
to avoid aliasing during the image acquisition. Also for color 
tissue Doppler, acquiring at the highest possible frame rates, is 
important. This can be achieved by reducing the sector width 
and by using the frame rate button, which reduces the number 
of echo beams used to generate the images in turn reducing 
spatial resolution. 

Estimation of motion in 2D: speckle tracking 

A limitation of the conventional Doppler techniques (CW, PW, 
and CF) is that they only detect motion along the image line. 
Indeed, motion perpendicular to the image line will not be 
detected. 

In order to overcome this limitation several methods have 
been proposed, but a very popular one is a technique commonly 
referred to as “speckle tracking.” The principle of “speckle track¬ 
ing” is very simple: a particular segment of tissue is displayed 
in the ultrasound image as a pattern of gray values (Figure 1.18). 
Such a pattern, resulting from the spatial distribution of gray val¬ 
ues, is commonly referred to as a “speckle pattern.” This pattern 
characterizes the underlying myocardial tissue acoustically and 
is (assumed to be) unique for each tissue segment. It can there¬ 
fore serve as a fingerprint of the tissue segment within the ultra¬ 
sound image. 

If the position of the tissue segment within the ultrasound 
image changes, we can assume that the position of its acous¬ 
tic fingerprint will change accordingly. Tracking of the acous¬ 
tic pattern during the cardiac cycle thus allows detection of the 
motion of this myocardial segment within the 2D image. The 


Figure 1.18 A particular segment of soft tissue 
(i.e., the heart) results in a specific spatial 
distribution of gray values (i.e., speckle 
pattern) in the ultrasound image. This pattern 
can be used as an acoustic marker of the tissue. 




18 Parti Introduction to Cardiac Ultrasound Imaging 


same approach can be taken when 3D datasets are available. Fun¬ 
damental to this methodology is that speckle patterns are pre¬ 
served between image frames. It can be shown that this is indeed 
the case if tissue rotation, deformation and out-of-plane motion 
between subsequent image frames are limited. An obvious way 
to achieve this is by acquiring grayscale data at a sufficiently 
high frame rate in order to make the time interval between sub¬ 
sequent image acquisitions short and as such avoid the above 
effects. 

Although these methods were initially proposed to measure 
2D myocardial velocities, they have more recently also been 
applied to measure 2D blood flow patterns using ultrasound 
contrast agents [3]. More information on ultrasound velocity 
estimation methodologies can be found in [4]. 
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Introduction 

With continued advances in ultrasound technology and accred¬ 
itation requirements, establishing and maintaining a pediatric 
echocardiography laboratory (echo lab) has become progres¬ 
sively more complex. Echo labs have become increasingly “dig¬ 
ital” requiring sophisticated information technology for digi¬ 
tal acquisition, reporting and archiving. Lab accreditation has 
become more widespread to establish consistency within and 
between pediatric echo labs in an effort to assure quality. Guide¬ 
lines and recommendations for pediatric echo labs have been 
published and incorporated into the requirements for accredi¬ 
tation. This chapter serves as a reference guide to establishing 
and maintaining a pediatric echo lab. 

A variety of published recommendations exist pertaining 
to the organization and function of a pediatric echo lab from 
several medical societies including the American College of 
Cardiology (ACC), American Heart Association (AHA), 
American Academy of Pediatrics (AAP), and the American 
Society of Echocardiography (ASE). These recommendations 
have substantial overlap and form the basis for the requirements 
of the Intersocietal Accreditation Commission (IAC) necessary 
to achieve accreditation of a pediatric echo lab. For more 
detailed information, readers are referred to the applicable 
references and websites cited. 

Structure and organization 

Pediatric echo labs vary substantially in size and composition 
of the staff from individual office practices performing outpa¬ 
tient echocardiograms to large hospital-based labs that combine 
inpatient and outpatient imaging. In general, pediatric echo labs 
include physical space, ultrasound machines, pediatric cardiol¬ 
ogists, and sonographers. They usually have a Medical and/or 
Technical Director to provide administrative functions. 


Personnel and supervision 

Physicians : The performance and interpretation of transtho¬ 
racic echocardiograms is a requirement for cardiology fel¬ 
lowship training. Echocardiography is an operator-dependent 
imaging technique that requires skill in both performance 
and interpretation of studies. The recommendations of the 
ACC/AHA/AAP Clinical Competency and Training Statement 
on Pediatric Cardiology represent the most recent guidelines for 
echocardiography training [1]. These guidelines describe two 
levels of expertise, core and advanced, that are appropriate for 
different career goals. Core level training should be achieved by 
all pediatric cardiology fellows during their 3-year cardiology 
fellowship. Physicians with core level training are not expected 
to develop expertise in transesophageal and fetal echocardiog¬ 
raphy, though many fellows become competent in these areas. 
Advanced fellowship (generally requiring an additional year of 
training) allows for the development of skill and expertise in 
transthoracic, transesophageal, and fetal echocardiography and 
is often obtained when a faculty position in academic echocar¬ 
diography is the goal. The specific minimum procedure num¬ 
bers, knowledge base, and skills for the core and advanced lev¬ 
els of training are listed in Tables 2.1-2.3 [2]. At present in 
North America, there is no formal examination that can be used 
to determine competency in pediatric echocardiography; thus 
evaluation is based solely upon an assessment of the trainees 
skills during fellowship training. Continued performance and 
interpretation of echocardiograms and participation in intramu¬ 
ral conferences and continuing medical education is necessary 
to maintain clinical competency. In order to be accredited by 
the IAC in pediatric echocardiography, the medical staff of the 
lab are required to meet the training guidelines outlined above 
as well as demonstrate continuing medical education specific to 
pediatric echocardiography. IAC requires that each member of 
the medical staff should interpret a minimum of 300 pediatric 
studies annually [3]. 
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Table 2.1 Pediatric echocardiography training: recommended minimum 
procedure numbers 


Core training 

Number of studies 

TTE perform and interpret 

150 (50 <1 year of age) 

TTE review 

150 

Advanced training* 

TTE perform and interpret 

200 (50 <1 year of age) 

TTE review 

200 

TEE perform and interpret 

50 

Fetal echocardiogram 

50 


* Numbers are in addition to those obtained during core training. 

TEE, transesophageal echocardiogram; TTE, transthoracic echocardiogram 
Source: Saunders et al. 2005 [1]. Reproduced with permission of American 
Heart Association. 

Sonographers : The technique of performing a pediatric 
echocardiogram has become increasingly sophisticated due to 
continued advances in cardiac ultrasound and its application 
to the pediatric population. This places added educational and 
professional demands on sonographers. The American Society 
of Echocardiography (ASE) has published minimum qualifica¬ 
tions for cardiac sonographers [4,5], which are reflected in the 
I AC standards for technical staff summarized in Table 2.4. The 
current standards recognize that training in cardiac sonography 
has historically been heterogeneous. More recently, the impor¬ 
tance of a formal verifiable education in cardiac sonography has 
been emphasized to guarantee that new sonographers have ade¬ 
quate knowledge and technical skills to be competent in contem¬ 
porary pediatric echocardiography Current guidelines recom¬ 
mend that each sonographer achieves and maintains minimum 
standards in education and credentialing in pediatric and/or 
fetal echocardiography within 2 years of the start of employment 
[6]. Requirements for credentialing and maintenance of compe¬ 
tence are listed in Table 2.5. 

Facility 

The facility must meet the standards set forth by the Occupa¬ 
tional Safety and Health Administration and by the Joint Com¬ 
mission where applicable. 

Space requirements : The ASE [6] and the IAC [3] recom¬ 
mend that echo laboratories should be large enough to accom¬ 
modate an area for scanning, designated space for the interpre¬ 
tation and preparation of reports, and space for the storage of 
images and reports to remain compliant with state laws (Figure 
2.1). The scanning space needs to be large enough to accom¬ 
modate a patient bed that allows for position changes, an echo 
imaging system, and patient privacy; a scanning room is gener¬ 
ally recommended to be at least 150 square feet [7]. In addition, 
a sink and antiseptic soap must be readily available and used for 
hand washing in accordance with the infection control policy of 
the facility. For the practice of transesophageal echocardiogra¬ 
phy, space must be available to perform high-level disinfection 
and to store transesophageal echocardiography probes. 


Table 2.2 Required knowledge base for core and advanced levels of expertise 
in pediatric echocardiography for physicians 

Core training 

Understanding of the basic principles of ultrasound physics 

Knowledge of the indications for transthoracic echocardiography in 
pediatric patients 

Knowledge of common congenital heart defects and surgical 
interventions 

Knowledge of Doppler methods and their application for assessment 
of blood flow and prediction of intracardiac pressures 

Knowledge of the limitations of echocardiography and Doppler 
techniques 

Knowledge of alternative diagnostic imaging techniques 
Knowledge of standard acoustic windows and transducer positions 

Knowledge of image display and orientation used in pediatric 
echocardiography 

Ability to recognize normal and abnormal cardiovascular structures 
by 2-dimensional imaging and to correlate the cross-sectional images 
with anatomic structures 

Familiarity with standard echocardiographic methods of ventricular 
function assessment 

Familiarity with major developments in the field of noninvasive 
diagnostic imaging 

Advanced (in addition to the knowledge base required in the 
core level) 

In-depth knowledge of ultrasound physics 

Ability to recognize and characterize rare and complex congenital 
and acquired cardiovascular abnormalities in a variety of clinical 
settings 

In-depth understanding of Doppler methods and their application to 
the assessment of cardiovascular physiology 

Familiarity with all echocardiographic methods available for 
assessment of global and regional ventricular function and 
knowledge of the strengths and weaknesses of these techniques 

Up-to-date knowledge of recent advances in the field of noninvasive 
cardiac imaging, including ability to review critically published 
research that pertains to the field 

Knowledge of current training guidelines and regulations relevant to 
pediatric echocardiography 

Source: Lai et al. 2006 [2], Reproduced with permission of Elsevier. 


Equipment : Pediatric echo labs require a variety of equip¬ 
ment to function effectively. In addition to the ultrasound sys¬ 
tems, other equipment is needed (Table 2.6) including a spe¬ 
cialized bed, gel warmer, and blood pressure machine. Forms of 
distraction such as DVD players or televisions are also recom¬ 
mended to entertain young children during the performance of 
the studies. All imaging equipment should be tested on a reg¬ 
ular basis; the manufacturers recommendations regarding pre¬ 
ventative maintenance should be followed. Echo labs that per¬ 
form special procedures, including TEE, stress echo and sedated 
echocardiograms, should also have written procedures in place 
to handle acute medical emergencies including maintaining a 
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Table 2.3 Required skills for core and advanced levels of expertise in pediatric Table 2.5 ASE guidelines for credentialing and maintenance of competence 
echocardiography for physicians in pediatric echocardiography 


fully equipped crash cart and other pediatric specific medical 
equipment in a variety of sizes to accommodate patients of vary¬ 
ing sizes [3]. 

Ultrasound systems : Ultrasound systems dedicated to 
echocardiography must include the hardware and software to 
perform M-mode, two-dimensional (2D) imaging, color flow 

Table 2.4 ASE guidelines for pediatric cardiac sonographer 


and spectral Doppler along with ECG gating [2,3,6]. There 
should also be a system setting for tissue Doppler imaging [3]. 
The image display may include the name of the institution, 
patient name, date and time of the study, the ECG tracing, and 
range and depth markers. Echocardiography has specific trans¬ 
ducer requirements, including the ability for the transducer 
head to fit in between rib spaces for a variety of patient sizes as 
well as the wedge-shaped sector display. Transducers ranging 
from 2.0-12 MHz providing both low and high frequency imag¬ 
ing are required for pediatric imaging due to the range in patient 
size from premature infants to adults with congenital heart 
disease. In addition, a dedicated nonimaging continuous-wave 
Doppler transducer (Pedoff) must be available. All machines 
should have harmonic imaging capability and other instrument 
settings that enable the optimization of both standard and 
contrast-enhanced ultrasound exams. 

Echo lab personnel, including sonographers, trainees, and 
physicians must be able to adjust the system settings for image 
optimization; thus an in-depth familiarity with each system 
is ideal. Pediatric echocardiography often incorporates signif¬ 
icantly more vascular imaging than adult labs to evaluate the 
systemic venous return, pulmonary veins, branch pulmonary 
arteries, coronary arteries, and the aortic arch. These static 
structures benefit from different system settings than the more 


Comprehensive understanding of: 

Cardiovascular and thoracic anatomy, pathophysiology, 
hemodynamics, and embryology 

Congenital and acquired heart defects 

Segmental approach to the diagnosis of congenital heart defects 

Surgical procedures for repair and palliation of congenital heart 
defects 

Ultrasound physics 

Instrumentation 

Tissue characteristics 

Biological effects of ultrasound 

Measurements of cardiac structures and blood flow 

Making appropriate quantitative calculations from echo 
measurements 

Communication and safety-related skills: 

Ability to interact and communicate effectively both orally and in 
writing 

Be well versed in medical terminology 

Capable of explaining the purpose of the echo exam to the patient 
and answer questions 

Utilize proper infection control procedures 
Comply with patient confidentiality and privacy laws 
Competent in first aid and basic life support 
Familiar with other types of diagnostic tests 


Core training 

Ability to safely, properly, and efficiently use cardiac ultrasound 
equipment 

Ability to perform a complete transthoracic echocardiographic 
examination with proper use of M-mode, 2-dimensional, and 
Doppler techniques in normal pediatric patients and in those with 
heart disease, with consultation as needed 

Advanced training (in addition to the skills required in the core 
level) 

Ability to perform independently a complete transthoracic 
echocardiographic examination with proper use of all available 
ultrasound techniques in patients with all types of congenital heart 
disease 

Ability to assess cardiovascular physiology and global and regional 
ventricular function using a variety of ultrasound techniques 

Ability to supervise and teach pediatric echocardiography to 
sonographers, pediatric cardiology fellows, and other physicians 


Source: Lai et al. 2006 [2]. Reproduced with permission of Elsevier. 


Credentialing and education 

• Credentialing recognized by ASE 

RDCS: Registered Diagnostic Cardiac Sonographer 
RDMS: American Registry for Diagnostic Medical Sonography in 
adult, pediatric, or fetal echocardiography 
RCS: Registered Cardiac Sonographer by CCI, Cardiovascular 
Credentialing International 

• Formal education 

At least 12 months of full-time echocardiography education in a 
program recognized by ASE* 

Additional 6 months (minimum) clinical instruction in a primary 
pediatric setting recommended for comprehensive training in 
pediatric echocardiography 

Technical expertise 

• Must be able to properly display cardiac and/or vascular structures 
and blood flow in each of the imaging views within a standardized 
protocol 

• Proficiency in 2D, M-mode, and Doppler echocardiography 

• Ability to accurately document abnormal echocardiography and 
Doppler velocities indicative of abnormal cardiovascular 
pathophysiology 

• Demonstrate knowledge and competency in specialty areas of 
echocardiography when required in practice 

Maintenance of competence 

• Perform a minimum of 100 pediatric echocardiograms annually 

• Document at least 15 hours of echocardiography-related CME over a 
period of 3 years; 10 of these must be relevant to pediatric 
echocardiography 


*For new cardiac sonographers entering the field 
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Figure 2.1 Echocardiography reading room with 
live imaging displayed on wall screens and dual 
screen work stations for efficient review of images 
and reporting. 


mobile intracardiac structures and thus the ability to readily 
adjust the depth and gain along with the persistence, log com¬ 
pression, sector angle, gate, and Doppler filters becomes imper¬ 
ative. Most vendors have systems specialists who can provide 
training in the utilization and adjustment of the system settings 
in order to create optimal preset packages for each machine 
according to the institutional preferences. 

Scheduling 

Sufficient time should be allotted for each study according to the 
procedure type. Performance time for an uncomplicated com¬ 
plete pediatric transthoracic echocardiogram is generally 45-60 
minutes from patient encounter to departure. Additional time 
may be required for (i) patients with complex disease, (ii) when 

Table 2.6 Pediatric echocardiography laboratory equipment 


• Ultrasound system 

Hardware and software to perform M-mode, 2D, Doppler (including 
color, spectral [pulsed wave and continuous wave] and tissue 
Doppler modalities) 

Image display including name of institution, patient name, date and 
time of study, ECG tracing, range and depth markers 
Transducers 

° Frequency range 2.0-12.0 MHz 

° Dedicated nonimaging continuous-wave Doppler (Pedoff) 

° Transesophageal probes (if performed in the lab) 

• Digital image storage method 

• Imaging bed with dropout section of mattress 

• Gel warmer 

• Blood pressure machine (including age-appropriate cuff sizes) 

• Distraction equipment (e.g., TV, DVD player, music player) 

• Contrast agents and intravenous supplies 

• Equipment to treat medical emergencies (suction, oxygen, code cart) 


other modalities such as three-dimensional (3D) imaging or 
speckle tracking imaging are required, or (iii) studies performed 
on sedated patients. An “urgent” study must be performed in the 
next available time slot while a “stat” study must be performed 
as soon as possible, pre-empting routine studies. Qualified per¬ 
sonnel and equipment must be available for urgent or “stat” stud¬ 
ies outside normal working hours in inpatient facilities or where 
appropriate [2,3,6]. Many busy pediatric echo labs have systems 
that schedule patients in time slots during the course of the day 
while others use a “first come, first served” type of schedule. 

Storage 

A permanent record of both echocardiographic images and the 
final echocardiographic report must be produced and retained 
in accordance with applicable state and federal guidelines. Fed¬ 
eral guidelines fall under the Healthcare Insurance Portability 
and Accountability Act passed in 1996 and directs that facili¬ 
ties retain records for 6 years from the date of creation [8]. State 
laws also govern the length of time medical records need to be 
retained and vary from state to state; however, HIPAA require¬ 
ments supersede state laws if the state law requires shorter reten¬ 
tion periods. 

Images must be archived as moving images in the original for¬ 
mat that they were acquired. The current standard format has 
changed from analog media utilizing videotape to digital stor¬ 
age. The ASE has published guidelines for digital echocardiog¬ 
raphy [9] which describe digital archiving in detail. The DICOM 
(Digital Imaging and Communications in Medicine) standard 
was created through a collaboration of the National Electrical 
Manufacturers’ Association and various professional organiza¬ 
tions and serves to standardize the exchange of digital images 
allowing interoperability within and between echo labs. In order 
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to accommodate the large storage requirements, both clinical 
and digital compression is often required. Clinical compression 
is at the discretion of the imager and can be accomplished by 
limiting the time length of a clip or the number of clips. Digital 
compression is accomplished utilizing JPEG compression, cur¬ 
rently the only compression approved by the DICOM commit¬ 
tee, which provides more efficient storage of individual frames 
and loops without significant distortion of the images. Quantita¬ 
tive image analysis has shown little degradation at compression 
ratios as high as 20 : 1 [10]. DICOM standards now also need to 
be applied to 3D echocardiograms. Thus the DICOM Working 
Group is rewriting the standard to allow exchange of multidi¬ 
mensional data sets. 

Optimal transfer of images for interpretation and archiv¬ 
ing is performed using high-speed networks with a minimum 
speed of 100 megabits per second; heavily trafficked lines bene¬ 
fit from gigabit per second capacity. Echo data should initially 
be stored locally on a high capacity hard disk array that sup¬ 
ports rapid access to handle both recent studies and returning 
patients. A long-term archive is needed, which may take the 
form of a jukebox of optical disks, CD ROMs, DVDs, digital 
linear tape, advanced intelligent tape, or videotape. The archive 
should simultaneously generate a second copy of each study to 
serve as a back-up which should be stored in a separate location 
to provide recovery in case of archive failure. 

Software systems that connect the echocardiographic reports 
to the hospital information systems for scheduling, reporting, 
and billing are becoming more common. As more hospitals 
move toward electronic scheduling, registration, and medical 
record keeping, the ability to interface information electronically 
between the hospital system and the echocardiography machine 
has become a reality. DICOM worklists allow patient demo¬ 
graphics to directly populate the echo machine, eliminating the 
risk of manual entry errors. 


Patient preparation and safety 

Proper patient preparation is an essential step to ensure a quality 
echocardiogram; this is particularly important in the pediatric 
population where lack of cooperation can be a major obstacle to 
obtaining adequate images. A system for transferring patients 
to and from the echo lab should be a part of the manual of 
operations. A parent or guardian should accompany a minor to 
and from the echo lab and be present during the study, except 
where privacy issues supersede. Having a brief discussion with 
the patient and family to explain the procedure helps to guide 
expectations and allay fears. ECG leads can be placed during 
this discussion. The importance of patient position for optimal 
imaging can also be explained (Figure 2.2). In addition, the care¬ 
taker can be asked to help calm or distract their child during 
the procedure. A calm environment sometimes helps avoid the 
need for sedation in young children. Each echo room should use 
dimmed lighting, use warmed ultrasound gel, and provide visual 
distractions (e.g., bubbles, toys, television, DVD player). In some 
cases, bundling (in neonates) or a parent lying on the bed next 
to their child can help keep the child still for the study. More¬ 
over, small rewards (such as a sticker), are often used as positive 
reinforcement. 

Sedation 

The performance of high-quality transthoracic echocardiogra¬ 
phy is more likely to yield the necessary diagnostic informa¬ 
tion when the patient does not move and when any associ¬ 
ated anxiety is effectively controlled. This has become increas¬ 
ingly important because the initial diagnosis of both struc¬ 
tural and functional cardiac abnormalities are generally made by 
echocardiography and a substantial percentage of interventional 
decisions rely solely upon this data. Most sedation for pediatric 


Figure 2.2 Pediatric echocardiograms are 
performed in rooms with enough space for the 
ultrasound machine and for the sonographer to 
have comfortable seating. During the 
examination, the patient is often required to 
move into various positions including left 
decubitus position as seen here. An apical 
4-chamber view is being performed in this study 
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outpatient echocardiography is performed in a hospital setting, 
which can provide the necessary trained personnel and equip¬ 
ment. Each echo lab requires a written policy for sedation pro¬ 
tocols and appropriate staff for the performance of sedation is 
required based on hospital policies. A search for the most effi¬ 
cacious method of sedation that can be used in the outpatient 
setting [11,12], has revealed no clear consensus among pediatric 
cardiologists; in fact, a variety of approaches have been advo¬ 
cated. In the past decade, interest in procedural sedation has 
moved beyond the mainstay of chloral hydrate, expanding the 
menu to include oral pentobarbital [13], intranasal medications 
such as midazolam [14,15] or dexmedetomidine [16,17,18], and 
face-mask general anesthesia [19]. Table 2.7 lists some of the 
medications used for procedural sedation in pediatrics along 
with their advantages and disadvantages [11-22]. For all of these 
approaches the balance between length and depth of sedation 
and the risk of deleterious side effects and cost vary with patient 
age and acuity and will likely require that most echo labs have 
multiple patient-specific approaches. 

There has been recent interest in nonpharmacologic 
approaches to aid in lessening patient anxiety using distraction 
methods and even massage [23-26]. Each lab must use its own 
resources to provide safe and effective distraction, anxiolysis 
and/or sedation to assure that the necessary information is 
obtained from the study. 

Examinations and procedures 
Transthoracic echocardiography 

The standard pediatric echocardiogram involves 2D imaging 
of all cardiac structures along with spectral and color Doppler 
hemodynamic assessment of the valves and vessels and an eval¬ 
uation of ventricular function. A protocol should be in place that 
defines the components of the standard examination including 
the order in which the imaging planes will be interrogated, the 
structures to be examined, and the measurements to be made. 
It is helpful to have a list of structures to be interrogated within 
each imaging plane. Optimally, recorded images are a combina¬ 
tion of complete sweeps and selected single planes to assure that 
the segmental anatomy of the heart is accurately determined. 
Guidelines for a standard pediatric transthoracic echocardio¬ 
gram protocol have been published by the Task Force of the Pedi¬ 
atric Council of the ASE [2] and are used by the IAC for pedi¬ 
atric accreditation. If a required element cannot be adequately 
imaged, it should be documented in the report. Due to the com¬ 
plexity of congenital heart disease, a complete examination may 
require custom planes to completely display and interrogate an 
abnormality. 

Transesophageal echocardiography 

Detailed description of and guidelines for the performance of 
transesophageal echocardiography (TEE) in pediatric patients 
with acquired and congenital heart disease have been published 


[27,28] and are described in detail in Chapter 41. The pur¬ 
pose of this section is to focus on the practical aspects of echo 
lab requirements to perform TEE in pediatric patients or adult 
patients with congenital heart disease within a facility. The loca¬ 
tion and indication for pediatric TEE often differ from those 
performed in adult labs and require a specialized fund of knowl¬ 
edge and skills. Pediatric TEEs are occasionally performed in an 
outpatient setting; however, the majority of these studies are per¬ 
formed in the operating room, cardiac catheterization lab, inten¬ 
sive care unit, or a sedation unit. These type of studies require 
ongoing communication and close collaboration with surgeons, 
interventionalists, anethesiologists, and intensivists. 

The knowledge, skill, and training needed to perform a pedi¬ 
atric TEE are quite different from those required to perform TEE 
in the adult patient. Comprehensive knowledge of congenital 
heart disease and surgical repairs as well as experience in TEE 
imaging are crucial to adequately demonstrate and interrogate 
structures in the nonstandard views necessary. Thus, it is rec¬ 
ommended that physicians who perform TEE independently on 
pediatric or adult patients with congenital heart disease achieve 
additional training and experience as outlined in Table 2.8 [27]. 
IAC certification exists for pediatric TEE [3] and these require¬ 
ments are outlined in Table 2.9. Because TEE is an invasive pro¬ 
cedure, an explanation of the procedure along with indications, 
risks, and benefits should be provided to the patient and/or their 
legal guardian and informed consent obtained. If the TEE is 
being performed in conjunction with a surgical or catheteriza¬ 
tion procedure, the consent may be obtained and documented 
with the consent for the primary procedure or anesthesia. Probe 
size is largely determined by patient size; each probe comes with 
guidelines regarding use based on weight of the patient. 

TEE probe disinfection and maintenance are integral to assure 
patient safety. Integrity of the insulating layers of the trans¬ 
ducer must be routinely checked before and after each use. Probe 
cleaning technique and specific brands of disinfectants are rec¬ 
ommended by probe manufacturers and a policy should be in 
place to follow these guidelines. In addition to cleaning, it is rec¬ 
ommended that the TEE probe be intermittently tested for elec¬ 
trical safety utilizing a saline bath connected to a leakage current 
analyzer. Guidelines, similar to those in place for gastrointestinal 
endoscopy, have recently been published by the British Society 
of Echocardiography in 2011 [29] and provide detailed informa¬ 
tion regarding TEE probe decontamination. 

Fetal echocardiography 

A detailed description of and guidelines for the performance 
of a fetal echocardiogram have been published [30]. Fetal 
echocardiography is described in detail in Chapter 44. Fetal 
echocardiography requires additional knowledge to pediatric 
echo including understanding of maternal-fetal physiology, fetal 
anatomic and physiologic changes throughout gestation, and 
fetal arrhythmias. Advanced training is recommended for fetal 
echocardiography. IAC certification exists for performance of 
fetal echocardiograms [3] and these requirements are outlined 


Table 2.7 Common agents used in pediatric procedural sedation 


Chapter 2 Instrumentation, Patient Preparation, and Patient Safety 


25 




in TO O 

K. 8-tt 

§■ * s 


.E -E > CD CT) 

!_ -Q \p C C ■ 

E •= -§ 


E on 

CD 

LU Cd 


o 

t; 


CD ro 

o E f6 

_l LU Q_ 


^ V 1 


at o O) 


on O 
QJ no 




o 

u 


"D — 


-a 

o 

.c 


o 

t; 


> 

o 


> 

~o 

< 


C 33 


> 

o 


u >? = 

e % J= 3 

Q_ 1/1 Z) 


I 

LD 


E 

o 


E 

o 


E 

o 


E - 


— ro ^ ~ 


O 

Q 


a> E 
E ^ 


O Cd LD 


E 

o 


(li n, OJ ■- 
on Oi 4- 1 

-§ § = S 

■ - $ o_ CD 

Xi C (U w 

rp . fO -q -Q 

3 c o ^ 


IN, intranasal; IV, intravenous; PO, by mouth; PR, per rectum. 
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Table 2.8 Guidelines for training and maintenance of competence in 
transesophageal echocardiography (TEE) in pediatric and congenital heart 
disease 



in Table 2.10. Space, ultrasound equipment, information tech¬ 
nology, and staff requirements are similar to those required for 
pediatric echo. Many fetal echocardiography laboratories are 
housed within the pediatric echo lab. Others are located in areas 
that perform other types of fetal imaging (i.e., maternal-fetal 
medicine units). 

Intracardiac echocardiography 

One of the more recent applications of echocardiography, intrac¬ 
ardiac echocardiography (ICE), has become integral to many 
cardiac catheterization interventions including device place¬ 
ment, mitral valve interventions, and electrophysiology proce¬ 
dures. Current guidelines for use of ICE in catheter interventions 
have been published by the ASE [31]. The advantage of ICE over 
TEE in the adult population is that it obviates the need for gen¬ 
eral anesthesia. Moreover, ICE catheters are manipulated by the 
interventionalist so that an echocardiography physician is not 
always needed during the procedure. ICE has been utilized spar¬ 
ingly in pediatrics primarily due to the limitations imposed by 
patient size; ICE catheters range in size from 8-1 OF and require 
a 10F venous sheath. Current ICE catheters are steerable and 
employ a monoplane 64-element phased array transducer with 
grayscale, color, spectral, and tissue Doppler capabilities. Views 
are obtained by rotating the catheter within the right atrium or 
right ventricle and steering the catheter tip. ICE catheters are 
also expensive and have only a single use. In the adult popula¬ 
tion this cost is offset by avoiding the costs for an anesthesiolo¬ 
gist and an echocardiography physician; however, it is unclear 
whether this can be duplicated in the pediatric population. 
Currently, ICE is being used in pediatrics primarily for atrial sep¬ 
tal defect device closure and evaluation of percutaneous Melody 
pulmonary valve placement [32]. ICE catheters have also been 


Table 2.9 Pediatric transesophageal echocardiography: IAC requirements 
summary 


■ Ordering and scheduling 

• Process in place for obtaining and recording indication for test 

• Order must be present in the patient's medical record and include 
° Type of study to be performed 

° Reason for the study 
° Clinical question to be answered 

• Scheduling 

° Uncomplicated complete study (outside the OR) - 45-60 min 
° Complicated studies - additional 15-30 min 
° Time for adequate post sedation monitoring should be included 
° Urgent or stat - studies performed as soon as possible 
° Availability for emergencies: qualified personnel and equipment 
should be available outside of normal working hours 

■ Training: See Table 2.8, Guidelines for training and maintenance of 
competence 

■ Components of transesophageal echocardiograms 

• Technical personnel - to assist the physician and may include 
° Sonographer 

° Nurse 
° Trainee 

• Preparation of the patient 

° Consent must be obtained 

° Safety guidelines (including intravenous access, cardiac monitor 
with ECG telemetry, pulse oximetry, oxygen with appropriate 
delivery devices) 

• Conscious sedation: Written policies must exist for the use of 
conscious sedation including 

° Type of sedatives and appropriate dosing 
° Monitoring during and after the examination 

• Monitoring the patient: Facility guidelines for the monitoring of 
patients who receive anesthetic agents are required. 

• Recovery of the patient: The patient must be monitored for 
sufficient time to assure that no complications have arisen from 
the procedure or the sedation used. 

• Components of the examination: Protocol must be in place 
defining standard views and components of a comprehensive TEE 
examination. 

■ Procedure volumes 

• Facility: minimum of 50 pediatric TEE annually 

• Medical staff: minimum 50 TEE annually for each member who 
performs/interprets TEE 

• Facilities or individuals who do not meet these procedure volumes 
will be required to demonstrate competence through submission 
of additional case studies and quality assurance documentation 

■ Probe safety and maintenance 

■ A list of peri-procedural complications must be maintained 

■ Reporting - report must include 

• Complications of the procedure, if any 

• Components of the procedure (2D, color Doppler, spectral 
Doppler) 

• Comment on all structures evaluated in the examination 
° Note any structure not well visualized 

° Note if examination is abbreviated for any reason 

• Summary of the examination including pertinent positive and 
negative findings 


used as TEE probes in very small infants. In one adult study, 
ICE catheters were used as a nasogastric TEE probe to image the 
atria in patients being evaluated for intracardiac thrombus prior 
to cardioversion [33]. The use of ICE during interventional and 
electrophysiology procedures has been published [34,35]. 
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Table 2.10 Fetal echocardiography: IAC requirements summary Research protocols 


■ A technical protocol must be written and adhered to in the facility 
including 

• Components of the examination 

• Indications for performance of a fetal echocardiogram 

■ Complete examination - standard views from multiple planes 
including views of all cardiac and selected extracardiac structures 
and may include: 

• Presence of single or multiple gestations and locations of fetuses 
relative to the mother and one another 

• Survey of fetal lie and position defining fetal orientation 

• Measurement to estimate fetal size/gestational age (e.g., 
biparietal diameter or head circumference, abdominal 
circumference, femur length) 

• Fetal cardiac position and visceral situs 

• Measurement of chest and heart circumference and area for 
calculation of size ratios 

• Assessment of fetal heart rate and rhythm using M-mode and 
Doppler techniques 

• Short-axis view of umbilical cord vasculature with spectral Doppler 
evaluation of flow in the umbilical vessels and ductus venosus 

• Imaging of pericardial and pleural space, abdomen, and skin for 
fluid or edema 

• Imaging and Doppler/color flow of systemic veins, their course, 
and cardiac connection 

• Imaging and Doppler/color flow of pulmonary veins, their course, 
and cardiac connection 

• Multiple imaging planes of and Doppler assessment of flow 
direction and velocity of: 

° Atria 

° Atrial septum 
° Foramen ovale 
° Ductus arteriosus 
° Ventricular septum 
° Atrioventricular valves 
° Ventricular outflow tracts 
° Semilunar valves 

• Four-chamber and short-axis view of the heart for assessment of 
cardiac chamber size and function 

• Short- and long-axis views of: 

° Ascending, descending, and transverse arch of the aorta 
° Ductus arteriosus 

° Main and proximal branch pulmonary arteries 

• Additional fetal elements 

° Middle cerebral arterial blood flow 

■ Report components - must include but may not be limited to 

• Measurements performed where normal values are known 

• Interpretation of measurements appropriate to the area of 
abnormality or clinical issue 

• Doppler values both normal and abnormal appropriate to the area 
of abnormality or clinical issue 

• Text must include comment on 
° Components of procedure 

° All structures evaluated in the exam (as specified above) 

° Text must be consistent with quantitative and Doppler data 
including localization and quantification of abnormal findings 
° Notation of structures that were not well visualized 

■ Procedure volumes 

• Facility: minimum of 50 fetal echocardiograms annually 

• Staff: minimum 25 fetal echocardiograms annually for each 
member that performs or interprets fetal echocardiograms 

• Facilities or individuals who do not meet these procedure volumes 
will be required to demonstrate competence through submission 
of additional case studies and quality assurance documentation 


Research activities that require echocardiography are com¬ 
mon in academic centers. In general, single-center investigator- 
initiated research studies are organized within the laboratory 
structure and do not require oversight outside of the local insti¬ 
tutional review board (IRB). If a specific protocol is being uti¬ 
lized, there maybe designated sonographers and physicians who 
obtain and interpret the images and make the necessary mea¬ 
surements or calculations. In larger multicenter studies, a core 
lab is often utilized. Core labs provide image storage, consis¬ 
tency in measurements, quality assurance, and feedback to par¬ 
ticipating echo labs to achieve the highest quality echo studies. 
Guidelines for echocardiography in clinical trials has been pub¬ 
lished by ASE and serves to outline the different levels of core 
lab requirements. These guidelines also provide recommenda¬ 
tions regarding study design, image analysis, data management, 
quality assurance, statistical analysis plan, and regulatory con¬ 
siderations [36]. 

Telemedicine 

Telemedicine is the use of telecommunication and information 
technology to provide echocardiography services at a distance. 
Echocardiograms performed on pediatric patients at one site can 
be transferred electronically to another site for interpretation 
by an experienced pediatric echocardiographer. This allows for 
more efficient use of the physicians time by obviating the need 
for travel between different locations to read echocardiograms. 
Telemedicine also allows for after-hours review by on-call cardi¬ 
ologists from their homes. After-hours echocardiography review 
is accomplished by direct digital transfer utilizing network con¬ 
nections. 

Telemedicine places significant demands on hospital-based 
networks. The speed of transfer is often dependent upon the net¬ 
work speed of the transferring facility. Some examples of modes 
of transmission include ISDN phone lines, DSL, cable modem, 
T1 lines, and fiber optic cable. The rate of transfer for a T1 line 
is 1.5 Mbps while that of fiber optic cable is often 50-100 Mbps. 
Actual rates of transfer may be significantly slower depending 
upon other network traffic. The rate of transfer of an entire study 
can be improved utilizing incremental transfer of each image as 
it is captured from the echo machine rather than downloading 
the entire study at its conclusion [9]. 

Indications/reporting/billing 

The indications for performing a pediatric transthoracic 
echocardiogram were published by the ACC/AHA/ASE 
Association Task Force on Practice Guidelines in 1997 [37] and 
were updated in 2003 [38]. Echocardiography is increasingly 
being utilized to screen, diagnose, and monitor patients with 
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Table 2.11 Definitions of complete and limited echocardiograms 


Complete study 

• CPT definition: A comprehensive procedure that includes 
two-dimensional and, when performed, selected M-mode 
examination of the left and right atria, left and right ventricles, the 
aortic, mitral, and tricuspid valves, the pericardium, and adjacent 
portions of the aorta in addition to spectral and color flow Doppler 
providing information regarding intracardiac blood flow and 
hemodynamics. 

• ICAEL definition: Imaging study that defines the cardiac and visceral 
position and a complete segmental image analysis of the heart from 
multiple views and also defines the cardiac anatomy and physiology 
as fully as possible using imaging and Doppler modalities. 

Limited or follow-up study 

• CPT definition: An examination that does not evaluate or document 
or attempt to evaluate all the structures that comprise the complete 
echocardiographic exam. Typically limited to, or performed in 
follow-up of a focused clinical concern. 

• ICAEL definition: A study that generally examines a specific region of 
interest of the heart and/or addresses a defined clinical question. 


congenital or acquired heart disease; it is also being used 
to assess those at risk for the development of myocardial 
dysfunction and pulmonary hypertension. Requirements for 
the reporting of a pediatric echocardiogram are dictated not 
only by the clinical question but also by the requirements for 
echo lab accreditation (IAC) as well as billing (CPT codes). 
The indication for an echocardiogram, regardless of modality, 
must be verified prior to performing the study to appropriately 
direct the examination. The echocardiogram order must clearly 
indicate the type of study to be performed, the reason for the 
study, underlying diagnosis, and the clinical question(s) to be 
answered. 

The definition of a complete and a limited study based on CPT 
and IAC criteria is outlined in Table 2.11. The distinction is often 
ambiguous; a focused question may require a thorough evalu¬ 
ation of multiple structures and thus meet the definition of a 
complete echocardiogram. From a billing standpoint, the CPT 
codes for complete and limited echocardiograms are divided 
into noncongenital and congenital designations; however, these 
definitions are not always explicitly differentiated. Echo report¬ 
ing guidelines and requirements have been published by the Task 
Force of the Pediatric Council of ASE [2] as well as IAC [3] 
in an attempt to improve quality and consistency. Descriptions 
of an abnormality of a cardiac structure should include com¬ 
ments on both anatomy and function (if appropriate). The inter¬ 
pretation summary should highlight the key abnormalities and 
compare to prior studies (if appropriate) to determine if find¬ 
ings are unchanged, progressive, or improved. The final report 
must be reviewed and signed by the interpreting physician and 
include the date and time of the signature. Amended reports 
must include the time and date of the amendment and action 
taken if there was a significant change from the original study. 


Timeliness of reporting has specific requirements for accredita¬ 
tion; (i) routine inpatient echocardiograms must be interpreted 
by the medical staff within 24 hours of completion of the exam, 
(ii) outpatient studies must be interpreted by the end of the next 
business day, and (iii) the report must be signed and verified 
within 48 hours of the interpretation. 

Preliminary findings on urgent studies should be immediately 
available and the final report should be available by the end of the 
next business day. A policy and procedure must be in place for 
reporting and documentation of critical values including doc¬ 
umentation of physician-to-physician communication. Prelim¬ 
inary reports should be prepared under IAC guidelines. Suffi¬ 
cient support staff should be available to assist with scheduling 
and distribution of finalized echocardiography reports. 

IAC accreditation 

The Intersocietal Accreditation Commission (IAC) provides 
accreditation for a variety of cardiovascular testing including 
echocardiography. This organization is sponsored by the ASE, 
ACC, Society of Diagnostic Medical Sonography (SDMS), and 
Society of Pediatric Echocardiography (SOPE) with a mission 
to improve health care through accreditation. The IAC pro¬ 
vides accreditation in specific areas of pediatric echocardiogra¬ 
phy including transthoracic, TEE, and fetal echocardiography. 
The American Society of Echocardiography states that “existing 
echo labs should be accredited by the IAC” while new labs should 
be expected to submit applications within 2 years of the onset 
of operation. Increasingly, IAC accreditation has become linked 
to reimbursement for Medicare and Medicaid as well as many 
private insurers. Completion of the application requires both 
detailed information of echo lab operations as well as submission 
of case studies for review. This process requires facilities to adopt 
or revise policies and protocols, ensure adequate personnel 
training and expertise, and validate quality improvement (QI) 
programs. Once accredited, reaccreditation is required every 
3 years with demonstration of compliance with updated stan¬ 
dards. The IAC Standards and Guidelines for Pediatric Echocar¬ 
diography Accreditation are available for download on the IAC 
website and define the minimum requirements for all echocar¬ 
diography facilities [3]. Case studies for submission can be iden¬ 
tified prospectively or retrospectively. The review process gener¬ 
ally takes approximately 12-16 weeks. Audits of institutions may 
occur at any time during accreditation. 

Quality improvement 

Establishment and maintenance of a robust quality improve¬ 
ment program is essential to maintaining quality and 
consistency in any pediatric echo lab. The process encour¬ 
ages continuous feedback for the lab as a unit as well as for each 
individual sonographer and physician. Along with continued 
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Table 2.12 IAC quality improvement measures 


Table 2.13 Quality improvement correlation requirements 


■ Variability 

• Physician interpretation variability - must be assessed on a 
minimum of two cases per modality per quarter for: 

° Ejection fraction 

° Degree of valve regurgitation/stenosis 
° VSD gradients 

• Sonographer performance - two cases per modality must be 
reviewed and discrepancies reconciled for: 

° Image quality 
° Completeness of the study 
° Adherence to facility protocol 

■ Report review - a minimum of 10 random reports per quarter for: 

• Report components 

° Demographics (including height, weight, blood pressure) 

° 2D and/or M-mode numeric data 
° Doppler evaluation 
° Report text comments 

• Interpretation time 

• Final report generation 

■ Correlation will be performed on a minimum of two per modality 
per quarter with other imaging modalities for: 

• Ejection fraction 

• Degree of valve regurgitation/stenosis 

• VSD gradients 

• Patients sent for surgical repair based upon echo data alone must 
be compared to the operative findings 


>• Transthoracic echocardiograms: 

■ Correlate with 

° Other diagnostic procedures 

♦ Cardiac catheterization 

♦ MRI 

♦ CT 

° Surgical intervention 
° Postmortem examination 

■ Components for correlation include 
° Semilunar valve stenosis 

° Selected anomalies of functional evaluation of diagnostic 
interest to the facility 

>• Transesophageal echocardiograms (if performed) 

■ Correlate with 

° Other diagnostic procedures 
° Surgical repair 

■ Components for correlation include 

° Left ventricular function and regional wall motion analysis 
° Left or right ventricular function 
° Presence and severity of valvar dysfunction 
° Defects of atrial and ventricular septation 
° Presence or absence of thrombi or vegetations 
° Presence or absence of anomalous venous connections 
>■ Fetal echocardiograms (if performed) 

■ Correlate with 

° Postnatal transthoracic echocardiogram 
° Postnatal cardiac catheterization 
° Postmortem examination 


medical education, the quality improvement process also serves 
an educational role. The quality improvement requirements 
for the IAC reflect recommendations published in the ASE 
publications “Recommendations for Quality Echocardiography 
Laboratory Operations” in 2011 [6] and “Recommendations 
and Guidelines for Continuous Quality Improvement in 
Perioperative Echocardiography” [28]. Of note, the latter 
recommendations are not specific to pediatrics. 

The IAC requirements are briefly summarized in Table 2.12. 
Each facility must have a quality improvement program in place. 
Quarterly meetings are required and minutes of the meetings 
must be maintained and made available to all personnel. A pol¬ 
icy to address discrepancies must be in place. All medical and 
technical staff are required to attend at least two of the four quar¬ 
terly meetings. Correlation and confirmation of results must be 
maintained for each physician and each modality. Correlation 
with other modalities or with surgical or autopsy findings is 
generally warranted as outlined in Table 2.13. Guidelines pub¬ 
lished by the ASE in 2011, “American Society of Echocardiogra¬ 
phy Recommendations for Quality Echocardiography Labora¬ 
tory Operations,” include quality assessment recommendations. 
The goal of these recommendations is “to provide feedback to 
the lab members in the spirit of learning and quality improve¬ 
ment while keeping in mind that reasonable and equally com¬ 
petent people can sometimes differ in their review of echocar- 
diographic results.” 
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CHAPTER 3 


Segmental Approach to Congenital Heart Disease 


Tal Geva 

Division of Noninvasive Cardiac Imaging, Department of Cardiology, Boston Childrens Hospital and Harvard Medical School, Boston, MA, USA 


Before the advent of surgical treatment for patients with con¬ 
genital heart disease (CHD), physicians generally regarded these 
conditions as hopeless. In 1936, Dr. Maude Abbott, who worked 
at McGill University, published the first systematic classification 
of CHD based on a study of 1000 heart specimens [1]. Two years 
later in 1938, Dr. Robert Gross, who worked at Boston Childrens 
Hospital, performed the first successful cardiovascular opera¬ 
tion - ligation of a patent ductus arteriosus in a 7.5-year-old girl 
[2]. This breakthrough procedure was followed by Blalock and 
Taussig’s landmark establishment of a systemic-to-pulmonary 
artery shunt to alleviate cyanosis in tetralogy of Fallot [3]; resec¬ 
tion of aortic coarctation by Gross and Hufnagel and by Crafo- 
ord and Nylin; and the first open heart surgery to close an atrial 
septal defect by Gibbons in 1953 [4]. These and other landmark 
advances in the treatment of patients with CHD during the 1940s 
and 1950s inspired interest in the study of CHD morphology 
and stimulated the development of several taxonomies for its 
classification. 

The highly variable spectrum of congenital anomalies of the 
cardiovascular system presents a challenge for those who care for 
these patients. A comprehensive classification scheme of CHD 
based on clear and internally consistent nomenclature is, there¬ 
fore, essential for diagnosis, management, research, and educa¬ 
tion. The goals of any CHD taxonomy are: 

1 to provide a consistent nomenclature based on readily iden¬ 
tifiable anatomic-morphologic features of the cardiac cham¬ 
bers; 

2 to devise a systematic analytical approach that produces a spe¬ 
cific and unique set of diagnoses for each cardiac malforma¬ 
tion; 

3 to be applicable to all forms of CHD, including cardiac mal¬ 
formations that have not yet been described; 

4 to promote understanding and exchange of data among clin¬ 
icians and researchers. 

This chapter describes a segment-by-segment approach, 
known as the segmental approach to congenital heart disease , 
to the classification and nomenclature of congenital anomalies 


of the heart and great vessels. Inspired by Dr. Maurice Lev, Van 
Praagh and his colleagues originally proposed this classifica¬ 
tion system in the 1960s and early 1970s [5-7] and have since 
refined it [8,9]. Importantly, notable modifications and alterna¬ 
tive taxonomies have been proposed by pathologists, geneticists, 
embryologists, cardiologists, cardiovascular surgeons, radiolo¬ 
gists, and others [9-22]. In particular, many practitioners favor 
the nomenclature advocated by Anderson and colleagues [23]. 
However, despite numerous efforts by individuals and profes¬ 
sional groups to advocate the use of a single classification sys¬ 
tem, none has achieved uniform acceptance. A potentially more 
successful approach, currently being developed, is to acknowl¬ 
edge the major taxonomies and to create a system that cross¬ 
links individual malformations and therapeutic procedures to 
common codes [24-26]. Although this chapter emphasizes the 
taxonomy advocated by Van Praagh et al., readers should also 
familiarize themselves with Anderson’s nomenclature and, most 
importantly, maintain a clear and consistent method of commu¬ 
nication within their institutions. 

Segmental analysis of congenital 
heart disease 

Analysis of CHD is based upon an understanding of the devel¬ 
opmental, morphologic and segmental anatomy of the heart 
and great vessels. The cardiac segments are the anatomic and 
embryologic “building blocks” that form the mammalian heart 
(Figure 3.1). The three main segments are: (i) veins and atria; (ii) 
ventricles; and (iii) great arteries. There are two connecting seg¬ 
ments between the main segments: (i) the atrioventricular (AV) 
canal; and (ii) the conus or infundibulum. The AV canal consists 
of the AV valves (the mitral and tricuspid valves in normally 
formed hearts) and the atrioventricular septum. The infundibu¬ 
lum (or conus) is the connecting segment between the ventricles 
and the great arteries. In normally formed hearts, the infundibu¬ 
lum consists of a circumferential subpulmonary myocardium 
shaped like a prolate cone (as viewed externally; hence conus) or 
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Figure 3.1 Anatomic segments of the heart. 
The three main cardiac segments are the atria, 
ventricles, and great arteries. There are two 
connecting segments: the atrioventricular 
(AV) canal (including the AV valves, the 
interatrial and interventricular components of 
the AV canal septum), and the conus (or 
infundibulum). The connecting segments may 
be viewed as multidirectional joints between 
the main cardiac segments allowing infinite 
possibilities of atrioventricular and 
ventriculo-arterial alignments. In the 
segmental approach to congenital heart 
disease it is essential that each cardiac segment 
is analyzed separately and independent of 
adjacent segments. 


a funnel (as viewed internally; hence infundibulum). The nor¬ 
mal subpulmonary infundibular myocardium separates the pul¬ 
monary and tricuspid valves. The normal subaortic infundibu¬ 
lum consists mostly of a conal septum (the myocardium that 
separates the left and right ventricular outflow tracts). The pos¬ 
terior aspect of the subaortic infundibular free wall is normally 
absent, resulting in fibrous continuity between the left and 
noncoronary aortic valve leaflets and the anterior leaflet of the 
mitral valve. 

The fundamental principle of segmental analysis of CHD is to 
analyze each of the aforementioned components of the heart in 
a sequential step-by-step fashion. First, the anatomical pattern 
(i.e., situs) of the abdominal and thoracic organs is defined and 
the position of the heart is described. Then, each of the main car¬ 
diac segments is examined, described, and assigned a designa¬ 
tion based upon its unique morphologic features, independent 
of neighboring segments (Figure 3.2). For example, each ven¬ 
tricle is defined according to its intrinsic morphology and not 
by the entering atrioventricular valve or the exiting great artery. 
Analysis of the main cardiac chambers - veins and atria, ventri¬ 
cles, and great arteries - involves two steps. First, the identity of 
the chamber or great vessel is determined based upon its mor¬ 
phology and intrinsic myocardial architecture. Second, the situs 
of the cardiac segment is determined. In the case of the atria, 
their situs may be solitus (normal), inversus (mirror image of 
solitus), or ambiguous (indeterminate, or having anatomic fea¬ 
tures of both atria). Once the three main cardiac segments are 
characterized according to their unique morphologic features, 
the connecting segments are evaluated and defined. Finally, a 
complete set of diagnoses is formulated by combining the five 
cardiac segments and all associated cardiovascular anomalies as 
described in the following section. 


Step-by-step segmental analysis 

The following 10 steps are taken as part of the segmental analysis 

of CHD: 

1 Thorn co-abdominal situs (Figure 3.3). Before analyzing 
intracardiac anatomy, the situs of the thoracic and abdominal 
organs is determined to provide an “anatomic framework” 
for further analysis. Normally, the visceral organs are “later- 
alized.” In other words, the pattern of anatomic organization 
of the abdominal organs, tracheo-bronchial tree, and lungs 
is asymmetric. In situs solitus (normal arrangement), the 
spleen, pancreas, stomach, and sigmoid colon are left-sided, 
and the liver, cecum, and appendix are right-sided. The left 
lung comprises two lobes and the left mainstem bronchus is 
longer, more horizontal, and hyparterial (courses inferior to 
the left pulmonary artery) (Figure 3.4). The right lung com¬ 
prises three lobes and the right mainstem bronchus is shorter 
and eparterial (courses posterior to the right pulmonary 
artery). In visceral situs inversus , the spatial organization 
of the abdominal and thoracic organs is the mirror image of 
normal. In other words, there is complete left-right reversal 
of the position and orientation of the organs. It is worth 
noting that in visceral situs inversus the pattern of anatomic 
organization is asymmetric similar to situs solitus but in mir¬ 
ror image. Ciliary disorders are often associated with situs 
inversus. In situs ambiguous , the spatial position and orien¬ 
tation of the abdominal and thoracic organs are abnormally 
symmetrical and inconsistent. For example, the spleen may 
be absent, the liver is often midline, both lungs may have two 
or three lobes, and the bronchi may be similar to each other 
in length and orientation. Situs ambiguous is typically asso¬ 
ciated with heterotaxy syndrome, a condition characterized 
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Figure 3.2 The 10 steps of the segmental approach 
to diagnosis of congenital heart disease. Before 
analyzing intracardiac anatomy, the situs of the 
thoracic and abdominal organs and cardiac position 
within the thorax are determined to provide an 
“anatomic framework” for further analysis (steps 1 
and 2). When describing cardiac anatomy, the 
following principles apply: (i) Each cardiac segment 
must be described in terms of its own unique 
anatomic features and not according to those of 
adjacent segments (steps 3-9). For example, the left 
ventricle is determined according to its internal 
morphology, particularly its smooth superior septal 
surface, and not according to the AV valve that 
connects it with the atria (usually it is the mitral 
valve but it may be both mitral and tricuspid valves, 
as in double-inlet left ventricle, or it may be a 
common AV valve or even a tricuspid valve), (ii) For 
each cardiac segment, both its situs and connections 
must be described specifically and not inferred from 
each other, (iii) Associated malformations (step 10) 
may be described in order of their hemodynamic 
importance or in an anatomic order (progressing 
from the venous entry to the arterial exit of the 
heart). DORV, double-outlet right ventricle; TGA, 
transposition of the great arteries. 
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by partial or complete lack of lateralization of the visceral 
organs leading to an abnormal degree of symmetry, anoma¬ 
lies of the spleen (e.g., polysplenia, asplenia), congenital 
heart disease, and extracardiac anomalies [27-29]. In many 
patients with heterotaxy syndrome, visceral situs cannot be 
clearly designated as solitus or inversus, hence the term situs 
ambiguous is used. However, the anatomic organization 
of the visceral organs in these patients is often partially 
lateralized, allowing for determination of a “predominant 
situs.” For example, when the stomach is right-sided and the 
inferior vena cava is left-sided, the predominant abdominal 
situs is inversus even though the liver may be midline. 


2 Cardiac position (Figure 3.5): The position of the heart 
within the thorax can be described as levocardia, mesocar- 
dia, or dextrocardia. This designation is based on the spatial 
location of the majority of the cardiac mass relative to a sagit¬ 
tal plane that crosses the thoracic midline from the sternum 
to the spine. In addition, the orientation of the long axis of 
the heart (the orientation of the axis connecting the AV junc¬ 
tion and the ventricular apex) should be described. Although 
the position of the heart within the thorax and the orienta¬ 
tion of the base-to-apex axis are often concordant (e.g., lev¬ 
ocardia and a leftward pointing apex), occasional exceptions 
occur (e.g., dextrocardia and a leftward pointing apex). 
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Situs solitus 






Bilaterally trilobed Bilaterally bilobed 




Stomach 


Figure 3.3 Thoraco-abdominal situs. Top panel: Morphology of the tracheo-bronchial tree. In situs solitus, the right mainstem bronchus is short and 
eparterial (its branch for the right upper lobe is over the second branch of the right pulmonary artery) and the left mainstem bronchus is longer and 
hyparterial (it courses underneath the left pulmonary artery). In situs inversus, there is mirror-imaging of the anatomy seen in situs solitus. In situs 
ambiguous the bronchi can have a bilaterally right or bilaterally left morphology. Bilaterally hyparterial left bronchial morphology is often seen in patients 
with heterotaxy syndrome and polysplenia, whereas bilaterally eparterial right bronchial morphology is often seen in patients with heterotaxy syndrome 
and asplenia. Middle panel: Lung lobation. A bilobed left lung and a trilobed right lung are typical in situs solitus. In situs inversus, the right lung is bilobed 
and the left lung is trilobed. As with the tracheo-bronchial tree, in situs ambiguous the lungs may be bilaterally bilobed or bilaterally trilobed. Lower panel: 
In visceral situs solitus the liver is right-sided and the stomach and spleen are left-sided. Incomplete lateralization of the abdominal organs with a midline 
liver and stomach maybe seen in patients with heterotaxy syndrome. Splenic anomalies (asplenia, polysplenia, hyposplenia and a single right-sided spleen) 
and complex cardiac anomalies are frequent. In patients with heterotaxy syndrome and visceral situs ambiguous, the disposition of the abdominal situs 
predicts atrial situs less reliably than bronchial anatomy. 
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Bilateral eparterial 



Bilateral hyparterial 


Figure 3.4 Relationships between the main stem bronchi and the pulmonary arteries. In normal anatomy (left panel), the right pulmonary artery courses 
anterior to the right main stem bronchus (the bronchus is said to be eparterial) and left pulmonary artery courses over the left main stem bronchus (the 
bronchus is said to be hyparterial). In the majority of patients with asplenia syndrome both main stem bronchi are eparterial and in most patients with 
polysplenia syndrome both main stem bronchi are hyparterial. 
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Figure 3.5 Cardiac position within the thorax. 
In levocardia, the heart is predominantly in 
the left hemithorax. In dextrocardia, the heart 
is predominantly in the right hemithorax. In 
mesocardia, the heart is midline and the apex 
typically points anteriorly or inferiorly. The 
orientation of the apex should be explicitly 
described because the position of the heart 
within the thorax and the orientation of the 
apex may not be concordant (e.g., 
dextrocardia with a leftward pointing apex). 
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In levocardia, the heart is positioned predominantly in the 
left hemithorax. In dextrocardia, the heart is predominantly 
in the right hemithorax. In mesocardia, the heart is midline 
with approximately equal proportions of the cardiac mass 
on each side of the sternum. The base-to-apex axis in meso¬ 
cardia is usually oriented anteriorly or sometimes inferiorly. 
The term sprimary and secondary dextrocardia are used to 
distinguish between cardiac malposition related primarily to 
cardiac anomalies and secondary to noncardiac anomalies. 
Primary dextrocardia is defined as a condition in which the 
heart is in the right hemithorax in association with a struc¬ 
tural congenital heart defect. In primary dextrocardia the 
apex usually points to the right. Secondary dextrocardia is 
a condition in which the heart is either “pushed” or “pulled” 
toward the right hemithorax due to extracardiac abnormali¬ 
ties. Examples of circumstances where the heart is “pushed” 
to the right hemithorax include left-sided tension pneu¬ 
mothorax, left congenital lobar emphysema, and left-sided 
diaphragmatic hernia. Conditions where the heart is pulled 
toward the right hemithorax include hypoplasia or agenesis 
of the right lung. In secondary dextrocardia the cardiac apex 
may point to the left or anteriorly. Leftward malposition 
of the heart occurs in patients with right diaphragmatic 



(a) 


hernia or hypoplasia or agenesis of the left lung. In the latter 
condition, the heart is displaced toward the left-superior 
hemithorax and the base-to-apex orientation points 
toward the left axilla. 

In addition to malposition of the heart within the thorax, 
the heart can rarely be partially or completely exteriorized, 
a condition termed ectopia cordis. The extent of the mid¬ 
line defect that allows the heart to be partially or completely 
outside the thoracic cavity varies. A known association of 
anomalies, of which ectopia cordis is a component, is termed 
pentalogy of Cantrell. This group of defects includes: defi¬ 
ciency of the anterior diaphragm; a midline supra-umbilical 
abdominal wall defect; a defect in the diaphragmatic peri¬ 
cardium; congenital cardiac abnormalities; and a defect of 
the lower sternum [30]. 

3 Segment-by-segment analysis of cardiac anatomy (Fig¬ 
ure 3.2). At this stage of the segmental analysis, the three 
main segments and the two connecting segments are ana¬ 
lyzed individually (steps 4-9 below). 

4 Atrial situs (Figures 3.6 and 3.7). The first step in deter¬ 
mining atrial situs is to identify the atria according to their 
morphologic characteristics (Table 3.1, Figure 3.6a,b). The 
atria are not designated based on systemic and/or pulmonary 



CS 


(b) 


Figure 3.6 Atrial morphology, (a) Right atrial morphology: The right atrium (RA) can be divided into three components: (i) Sinus venosus , including the 
orifices of the inferior vena cava (I VC), superior vena cava (SVC), and coronary sinus (CS), and is characterized by its smooth surface (absence of 
muscular trabeculations). The sinus venosus is partially separated from the other components of the right atrium by remnants of the embryonic right 
venous valve system, which includes the Thebesian valve (TBV) of the coronary sinus and the Eustachian valve (EV) of the inferior vena cava, (ii) The 
right atrial appendage (RAA) is characterized by a broad-based triangular shape and coarse trabeculations (pectinate muscle). The crista terminalis (CT) 
is a prominent muscle bar that separates the sinus venosus component of the RA from the trabeculated right atrial appendage and is the site of the 
sinoatrial node, (iii) The interatrial portion of the AV canal includes the base of the atrial septum and the tricuspid valve annulus. The fossa ovalis (FO) 
forms the right atrial side of the interatrial septum and is characterized by an oval-shaped muscular boundary (termed septum secundum or limbus of 
the fossa ovalis ) whereas the floor of the fossa is covered by septum primum. (b) Left atrial morphology. Similar to the right atrium, the left atrium can 
also be divided into three components: (i) a pulmonary venous component; (ii) a left atrial appendage (LAA), which is narrow-based and elongated; and 
(iii) the AV canal region, which is bordered distally by the mitral valve annulus. Note the attachments of septum primum (SP) are located on the left atrial 
septal surface. 
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Types of visceral and atrial situs 


Situs solitus Situs inversus “Situs ambiguous” 



Figure 3.7 Diagram of atrial situs. Upper panel: In atrial situs solitus, the right-sided right atrium (RA) receives the major horn of the sinus venosus, 
including the superior vena cava, inferior vena cava and the orifice of the coronary sinus. The left-sided left atrium (LA) normally receives the pulmonary 
veins, its septum features septum primum (the flap valve of the foramen ovale) and a narrow-based, elongated and posterior appendage (Table 3.1). In 
atrial situs inversus, the right atrium is left-sided and the left atrium is right-sided. In atrial situs ambiguous, typically seen in patients with heterotaxy 
syndrome, the anatomic landmarks characteristics of the right and left atria are not sufficient to determine situs (either situs solitus or situs inversus). 
Commonly in this situation, the atria are in common with absence (or presence of only remnants) of the atrial septum, the inferior vena cava may be 
interrupted between the renal and hepatic segments, there may be bilateral superior vena cavae and the coronary sinus may be unroofed or absent. The 
atrial appendages may be quite similar to each other. Lower panel: Coronal plane spin echo magnetic resonance imaging (MRI) in patients with heterotaxy 
syndrome and atrial situs solitus (left panel), atrial situs inversus (central panel), and atrial situs ambiguous (right panel). I VC, inferior vena cava; LSVC, 
left superior vena cava; RA, right atrium; RSVC, right superior vena cava 


venous connections because these can be variable. Instead, 
the atria are defined by their intrinsic anatomy. The right 
atrial myocardium includes the crista terminalis and tinea 
sagittalis (Figure 3.6a). The septal surface of the right atrium 


features the superior and inferior limbic bands of the fossa 
ovale. The right atrial appendage is typically broad-based, 
it has a triangular shape, and its position is anterior rela¬ 
tive to the left atrial appendage. The pectinate muscles of 


Table 3.1 Morphologic criteria for identification of right atrium and left atrium 



Right atrium 

Left atrium 

Myocardial features 

Crista terminalis, tinea sagittalis, extension of pectinate 
muscles toward AV valve 

Pectinate muscles confined to appendage* 

Appendage 

Broad-based, triangular, anterior 

Long and narrow (finger-like), posterior 

Septum 

Septum secundum (limbus of the fossa ovale) 

Septum primum (valve of the foramen ovale) 

Veins 

Receives the right and left terminations of the sinus venosus: 
ivcb SVC*, CS § 

Normally receives all pulmonary veins^ 


CS, coronary sinus; IVC, inferior vena cava; SVC, superior vena cava 

*When a persistent left superior vena cava (LSVC) drains directly into the left atrium a muscle bar similar to a crista terminalis may be present in the 
LSVC-LA junction. 

*ln cases with interrupted IVC: the right atrium receives the CS. 

*The SVC is not a reliable marker of the right atrium because a persistent left superior vena cava may drain directly into the left atrium [39], 

§ When the coronary sinus is unroofed, the drainage site of the IVC may incorrectly identify the right atrium. In such circumstance, drainage of the IVC to 
the unroofed coronary sinus creates the appearance of IVC-to-left atrium connection. When the CS is unroofed and the IVC is interrupted, the shape, size, 
and location of the atrial appendages may be used for identification of atrial situs. 

^The pulmonary veins are not a reliable marker of the left atrium due to their potential for variable connections. 
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Figure 3.8 Right ventricular morphology, (a) Anatomic specimen showing normal right ventricular (RV) morphology Note the coarse trabeculations and 
the chordal attachments of the tricuspid valve (TV) to the trabeculated septal surface, (b) The normal right ventricle comprises two distinct chambers, 
which are well incorporated into each other: the right ventricular (RV) sinus, and the infundibulum (Inf). The boundary between the RV sinus and the 
infundibulum is termed the proximal os infundibulum (shown as a dark ring) and comprises the parietal band (PB), infundibular septum (IS), septal 
band (SB), moderator band (MB), and the anterior papillary muscle of the tricuspid valve (APM). The RV sinus may be subdivided into two parts: (i) an 
atrioventricular (AV) canal portion (underneath the septal leaflet of the tricuspid valve); and (ii) the trabecular portion, which extends to the RV apex. The 
infundibulum maybe similarly subdivided into two components: (i) a distal (subpulmonary) segment, which includes the distal portion of septal band, 
infundibular septum, and parietal band; and (ii) the proximal infundibulum, which is typically trabeculated and has its own apex located anterior to the 
RV sinus apex. CS, conal septum; PMc, papillary muscle of the conus; RVi, right ventricular inflow (sinus). 


the right atrial appendage extend toward the AV valve annu¬ 
lus and the Eustachian valve. The left atrium is character¬ 
ized by an elongated, narrow appendage (Figure 3.6b). The 
left atrial appendage is located posterior relative to the right 
atrial appendage. In contrast to the right atrial appendage, 
the pectinate muscles of the left atrium are confined to the 
appendage. The left atrial septal surface features septum pri- 
mum (the valve of the foramen ovale). 

In atrial situs solitus (Figure 3.7), the right atrium is right¬ 
sided whereas in atrial situs inversus it is left-sided. In indi¬ 
viduals with normal anatomy, the right atrium receives the 
right and left horns of the sinus venosus, including the supe¬ 
rior vena cava, inferior vena cava and the orifice of the 
coronary sinus (the cardiac termination of the left horn of 
the sinus venosus). The left atrium normally receives the 
pulmonary veins. In atrial situs ambiguous, typically seen 
in patients with heterotaxy syndrome, the anatomic land¬ 
marks characteristic of the right and left atria are not suf¬ 
ficient to determine situs (either situs solitus or situs inver¬ 
sus). Variations of anatomy may include a common atrium 
with absence (or presence of only remnants) of the atrial sep¬ 
tum, interruption of the inferior vena cava between the renal 
and hepatic segments, bilateral superior venae cavae, and an 
unroofed or absent coronary sinus. The atrial appendages 
can be similar to each other; however, in most cases of het¬ 
erotaxy syndrome the atrial appendages are not identical 


(i.e., they are not “isomeric”). Although the distribution of 
the pectinate muscles has been proposed as a useful marker 
of atrial identity [31], imaging of the pectinate muscle in liv¬ 
ing patients has not been consistently achieved. 

5 Ventricular loop (Figure 3.8). The first step in determining 
the ventricular loop (situs) is to identify the left and right 
ventricles. It is important to recognize that between the 
atrioventricular and the semilunar valves (what is generally 
considered the ventricular mass of the heart) there are three 
distinct chambers: the left ventricle, the right ventricular 
sinus, and the infundibulum (or conus) [6,7,32,33]. The 
normal right ventricle comprises two distinct chambers, 
which are well incorporated into each other: the right ven¬ 
tricular sinus, and the infundibulum. Externally, the normal 
right ventricle is triangular in shape and the diaphragmatic 
(inferior) wall makes an acute angle with the anterior wall. 
Internally, the normal right ventricle is characterized by 
septal attachments of the tricuspid valve, coarse trabecula¬ 
tions, and a distinct septal surface that includes the septal 
and moderator bands (Figure 3.8a). The infundibulum 
is normally well incorporated with the right ventricular 
sinus, such that their separate identities may be obscured 
(Figure 3.8a,b). However, these chambers have different 
embryologic and developmental origins. Moreover, in sev¬ 
eral congenital cardiac anomalies the infundibulum is either 
poorly incorporated with the right ventricular sinus (e.g., 
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CO 
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Figure 3.9 Left ventricular morphology. The most reliable morphologic 
feature of the left ventricle is its smooth superior septal surface. In the 
normal left ventricle, the finely trabeculated apex (trabeculae carneae) are 
quite characteristic. However, in a markedly hypertrophied left ventricle, or 
in double- or common-inlet left ventricle, the apical trabeculations maybe 
prominently hypertrophied (similar to the trabeculations seen in the right 
ventricle). In the normal left ventricle, the mitral valve (MV) attaches to 
two large groups of papillary muscles, which attach to the left ventricular 
free wall. The aortic valve is in fibrous continuity with the mitral valve due 
to absence of an intervening conal musculature in this region. More 
anteriorly, under the right coronary cusp of the aortic valve, conal 
musculature comprises the infundibular septum (CS). The black arrow 
denotes the location of the membranous septum under the right 
noncoronary commissure. The white arrow denotes the noncoronary cusp 
of the aortic valve. ALPM, antero-lateral papillary muscle; LCC, left 
coronary cusp, LCO, left coronary orifice; MV, mitral valve; PMPM, 
postero-medial papillary muscle; RCO, right coronary orifice; RCC, right 
coronary cusp. 


double-chambered right ventricle [34]) or is completely 
dissociated from the right ventricular sinus and completely 
associated with the left ventricle (e.g., anatomically corrected 
malposition of the great arteries and transposition of the 
great arteries with posterior aorta [32,35]). 

The anatomic features of the normal left ventricle are 
illustrated in Figure 3.9. Externally, the shape of the nor¬ 
mal left ventricle approximates that of a cone. Internally, the 
myocardial architecture exhibits fine apical trabeculations, 
and attachments of the mitral valve to two distinct papillary 
muscles that attach to the left ventricular free wall without 
attachments to the interventricular septum. The aortic valve 
is in fibrous continuity with the mitral valve due to absence 
of an intervening conal musculature in this region. It is 
important to recognize, however, that variations in anatomy 
and physiology can greatly alter left ventricular morphol¬ 
ogy and many of the morphologic characteristics of the nor¬ 
mal left ventricle can be altered. For example, in a markedly 
hypertrophied left ventricle, or in double- or common-inlet 
left ventricle, the apical trabeculations may be prominently 
hypertrophied, similar to the trabeculations of the right ven¬ 
tricle. Also, the normal attachments of the mitral valve to the 


left ventricular free wall papillary muscles are usually altered 
in common AV canal defects, straddling mitral valve, and 
other malformations. Therefore, the most reliable morpho¬ 
logic feature of the left ventricle is its smooth superior septal 
surface. 

Once ventricular identity has been established based on 
morphologic criteria, the type of ventricular loop can be 
determined (Figure 3.10a,b). The type of ventricular loop 
is clinically relevant in that it determines the pattern of 
coronary artery distribution, the disposition of the conduc¬ 
tion system, and the internal organization of the ventricu¬ 
lar myocardium. Furthermore, L- (or levo-) ventricular loop 
is associated with increased risks of atrioventricular block 
(either congenital or acquired), Ebstein-like malformation 
of the left-sided tricuspid valve, and hypoplasia of the left¬ 
sided right ventricular sinus. Because the spatial position of 
the ventricles varies widely a right-left location relative to 
each other cannot be used reliably to determine the ventric¬ 
ular loop [36,37]. Instead, the principle of chirality is used. 
This method can be applied regardless of the spatial position 
of the ventricles and requires only the identification of the 
inflow, outflow, and septal surface of one of the ventricles 
(Figure 3.10a,b). The only circumstance where the type of 
ventricular loop cannot be reliably determined is in anatom¬ 
ically single right ventricle without a recognizable left ven¬ 
tricle or an interventricular septum. 

6 Atrioventricular alignments and connections (Figure 3.11). 
Once the identity and situs of the atria and the ventricles have 
been established, attention is then focused on the first con¬ 
necting segment, the AV canal. Figure 3.11 illustrates sev¬ 
eral representative types of AV alignments and connections. 
However, it is important to recognize that these examples are 
only samples of an anatomic continuum. Moreover, AV valve 
type generally goes with the ventricle to which it connects 
excepting the case of AV canal and double inlet ventricle. 

7 Ventriculo-arterial alignments (Figure 3.12). Next, the out¬ 
flow of the heart is examined to determine from which 
cardiac chamber each great artery originates. Ventriculo¬ 
arterial alignment describes how the semilunar valves and 
their respective great vessels align with the underlying ven¬ 
tricles. Figure 3.12 illustrates several representative types of 
ventriculo-arterial alignments. However, as with atrioven¬ 
tricular alignments, it is important to recognize that the 
spectrum of possible alignments between the great arteries 
and the underlying ventricles is a continuum and sometimes 
difficult to determine. Classification of ventriculo-arterial 
alignment into discrete groups requires drawing sharp bor¬ 
ders within transition zones, which inevitably leave certain 
anatomic variations straddling between categories. The pre¬ 
ferred approach is to assign a great vessel to an underlying 
ventricle when it completely or nearly completely relates to 
that chamber. In cases where a semilunar valve significantly 
overrides the ventricular septum the preferred approach is 
to describe the anatomy (e.g., right ventricular origin of 
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Ventricular D-loop 


(a) 



Ventricular L-loop 


(b) 


Figure 3.10 Determination of ventricular situs, (a) In ventricular D-loop the palmar aspect of the right hand is placed over the right ventricular septal 
surface with the thumb in the tricuspid valve, the fingers in the right ventricular outflow and the dorsum of the right hand facing the right ventricular free 
wall, (b) In ventricular L-loop the palmar aspect of the left hand faces the right ventricular septal surface with the thumb in the tricuspid valve (or inflow), 
the fingers in the right ventricular outflow and the dorsum of the left hand facing the right ventricular free wall. Using this principal, ventricular situs can 
be determined regardless of ventricular position in the chest. The same principle also applies to the left ventricle. When using the left ventricle, a 
right-handed left ventricle will be L-looped and a left-handed left ventricle will be D-looped. 





AV concordance 


AV discordance Common AV valve 






Tricuspid atresia 


Double-outlet RA Mitral atresia 


Double-outlet LA 


Figure 3.11 Diagram illustrating some of the 
possible atrioventricular (AV) alignments and 
connections. This step in the segmental 
approach to congenital heart disease follows 
identification of atrial and ventricular 
morphology and situs. RA, right atrium; LA, left 
atrium; RV, right ventricle; LV, left ventricle. 
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Concordant 


Discordant 

(D-loopTGA) 


Discordant 
(L-loop TGA) 


Double-outlet 
right ventricle 


Double-outlet 
left ventricle 



Pulmonary atresia 



Aortic atresia 



Truncus arteriosus 
(common outlet) 


Figure 3.12 Diagram illustrating some of the 
possible ventriculo-arterial (VA) alignments 
and connections. Note that the type of 
ventriculo-arterial alignment is determined 
by which great artery arises entirely or 
predominantly from which ventricle. It is 
clinically impractical to accurately and 
reproducibly determine great arterial origin 
from either ventricle in terms of percent 
origin. Specifically, the so-called “50% rule” 
is not applicable in vivo. This is due to 
complex three-dimensional relations 
between the ventricles and the great arteries, 
the complex geometric nature of the 
ventricular septum and cardiac motion in 
systole and diastole and with respiration. 
TGA, transposition of the great arteries; RV, 
right ventricle; LV, left ventricle. 


the aorta and biventricular origin of the main pulmonary 
artery). Specifically, the so-called “50% rule” is not practi¬ 
cably applicable in vivo due to complex three-dimensional 
relations between the ventricles and the great arteries, the 
curved geometry of the ventricular septum, and rotational 
and translational cardiac motion. It is important to note that 
determination of ventriculo-arterial alignment is based on 
the spatial relationships between the semilunar valves and 
the underlying ventricles and is not based on the type of 
infundibulum present (see next paragraph). 

8 Type of infundibulum (conus) (Figure 3.13). The infundibu¬ 
lum is the connecting segment between the ventricles and 
the great arteries. In normal anatomy, there is a complete 
subpulmonary conus with muscular separation between 


the pulmonary and the AV valves (Figure 3.8), whereas the 
subaortic conus is incomplete, allowing fibrous continuity 
between the left and noncoronary cusps of the aortic valve 
and the anterior leaflet of the mitral valve (Figure 3.9). Part 
of the subaortic conus is normally present in the form of 
a conal septum represented by the myocardium that sepa¬ 
rates the anterolateral aspect of the left ventricular outflow 
(the myocardium under the right coronary cusp of the aor¬ 
tic valve) and the right ventricular outflow tract. In some 
patients, there is an increased distance between the left coro¬ 
nary cusp and the anterior mitral leaflet due to elongation of 
the intervalvular fibrosa. In this circumstance, the aortic and 
mitral valves are said to have fibrous contiguity as opposed 
to fibrous continuity. 
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Types of conus 



Subpulmonary 



Subaortic 




Bilateral Bilaterally absent 

Figure 3.13 Type of infundibulum. In general, there are four types of conus 
(or infundibulum): (i) subpulmonary with absence of subaortic 
infundibular free wall (found in the normal heart); (ii) subaortic with 
absence of subpulmonary infundibular free wall (often found in 
transposition of the great arteries); (iii) bilateral conus (commonly found 
in patients with double-outlet right ventricle, but can be rarely found in 
patients with TGA and even in patients with normally related great 
arteries); (iv) bilaterally absent (found in some patients with double-outlet 
left ventricle). 


Normal conal anatomy is termed subpulmonary conus 
indicating presence of a complete subpulmonary infundibu¬ 
lar myocardium and partial absence of the subaortic 
infundibular free wall. Abnormal conal anatomy includes 
complete subaortic conus , bilateral conus , and bilaterally 
absent conus. A subaortic conus is present when the aor¬ 
tic valve is entirely supported by infundibular myocardium 
completely separating it from the AV valve(s). The subpul¬ 
monary conus is incomplete with absence of infundibular 
myocardium between the pulmonary and AV valve(s). A 
subaortic conus is often found in transposition of the great 
arteries. However, it is important to recognize that (i) trans¬ 
position of the great arteries is a specific type of ventriculo¬ 
arterial alignment (which great artery originates from which 
ventricle?) and is not defined by the type of conus; and (ii) 
any type of conus may be present in transposition of the great 


arteries or in any other type of ventriculo-arterial alignment 
(other than normal) [38]. 

Bilateral conus is present when both semilunar valves are 
completely separated from the AV valve(s) by infundibu¬ 
lar myocardium. Although a bilateral conus is commonly 
associated with double-outlet right ventricle, it is important 
to recognize that, similar to transposition, (i) double-outlet 
right ventricle is a specific type of ventriculo-arterial align¬ 
ment (which great artery originates from which ventricle?) 
and is not defined by the type of conus; and (ii) any type of 
conus may be present in double-outlet right ventricle. 

Bilaterally absent conus is the least common type of 
infundibular anatomy. It is present when both semilunar 
valves are in direct fibrous continuity with the AV valve(s) 
and in direct fibrous continuity with each other as a result 
of absence of infundibular myocardium. It is the rarest type 
of conal anatomy and most commonly seen in double-outlet 
left ventricle. 

9 Relationship between semilunar valves (Figure 3.14). This 
step in the segmental approach to congenital heart dis¬ 
ease describes the spatial relationships between the aortic 
and pulmonary valves. Although the spatial relationships 
between the semilunar valves are often associated with pre¬ 
dictable patterns of ventriculo-arterial alignments, there are 
many exceptions to these rules. Moreover, it is important to 
recognize that the designation of “D” and “L” to describe the 
spatial relationships between the semilunar valves does not 
provide information regarding the anterior-posterior and 
the superior-inferior orientations. Therefore, it is important 
to provide this additional information as part of comprehen¬ 
sive description of the anatomy. 

10 Associated anomalies. Once the three main cardiac seg¬ 
ments and the two connecting segments have been evalu¬ 
ated and categorized, all associated cardiovascular anomalies 



Figure 3.14 Relationships between semilunar valves. The diagram 
illustrates several common interrelations between the semilunar valves as 
seen by a transthoracic echocardiographic parasternal short-axis view. It 
must be recognized, however, that the interrelations between the semilunar 
valves form an anatomic continuum. D, dextro (rightward); L, levo 
(leftward); A, anterior; L, left; P, posterior; R, right. 
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are systematically examined and described. To provide a 
logical and consistent description of all associated anoma¬ 
lies, they can either be described in order of their hemody¬ 
namic importance (from major to minor anomalies) or in 
an anatomic order (progressing from the venous entry to the 
arterial exit of the heart) (Figure 3.2). 

Conclusion 

The above-described segmental approach to anatomic analy¬ 
sis of congenital heart disease allows accurate description of all 
known forms of cardiac anomalies and can be applied to patients 
of all ages using diagnostic imaging modalities such as echocar¬ 
diography, angiography, computed tomography, and magnetic 
resonance imaging. In rare circumstances when the morphol¬ 
ogy does not conform to a clearly defined diagnostic category, 
it is essential to provide an accurate detailed description of 
the anatomy using tools provided by the segmental approach 
to CHD. 
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Examination principles 

The basic elements of a standard transthoracic examination 
are two-dimensional (2D) images supplemented by Doppler 
and color Doppler information in multiple orthogonal imaging 
planes [ 1 ]. The use of M-mode echocardiography is reserved pri¬ 
marily for the assessment of ventricular function [2], although 
some current pediatric recommendations call for 2D assessment 
of left ventricular size and function [3]. Any laboratory perform¬ 
ing a pediatric echocardiogram should have a written examina¬ 
tion protocol that outlines the views to be obtained, the imag¬ 
ing modalities to be deployed for each view, and the preferred 
methods for recording and display Whenever possible, the ini¬ 
tial pediatric echocardiogram should be a complete study A 
list of the structures to be examined with each view is help¬ 
ful, and the required versus optional measurements should be 
clearly defined. A complete transthoracic pediatric echocardio¬ 
gram should include a quantitative assessment of left ventricular 
size and systolic function (see later) [4]. 

The pediatric echocardiogram is organized by acoustic “win¬ 
dows” from which the heart is examined. Many pediatric 
echocardiography laboratories begin the examination with sub- 
xiphoid, or subcostal, imaging instead of left parasternal views. 
This allows for the determination and display of visceral situs 
(site or location) at the beginning of an examination. Regardless 
of where the examination starts, the segmental approach is used 
to describe all of the major cardiovascular structures in sequence 
[5-7]. 

Complete sweeps of the heart should be made during the 
examination to rule out abnormalities at its base or apex or on 
one of its surfaces. The study information may be recorded as 
complete sweeps, multiple selected single planes, or with a com¬ 
bination of both techniques [8-10]. Most ultrasound systems are 
configured so that a notch, or some other marking, on the side 
of a transducer corresponds to the side of a symbol displayed 
at the top of the image sector, usually to the right side of the 
screen. Therefore, when the transducer is positioned with the 


notch to the patients left (at the 3 o’clock position), the left side 
of the patient will be displayed on the right of the screen. When 
the transducer is clockwise rotated so that the notch is directed 
inferiorly (at 6 o’clock), the inferior structures are displayed on 
the right side of the screen. In the course of a routine sweep, 
the transducer notch position is held in a fixed position, and the 
transducer is angled to obtain a series of images in the desired 
imaging plane. 

Because of the wide range of complex pathology that may be 
seen on a pediatric echocardiogram, images should be shown in 
their correct spatial, or “anatomically correct,” position on the 
display screen. Therefore, the anterior and superior structures 
are displayed at the top of the screen, and the rightward struc¬ 
tures are generally placed on the left side of the image display 
(with the exception being the parasternal long-axis view where 
the cardiac apex is displayed by convention on the left of the 
screen). 

The diagnostic accuracy of an examination depends greatly 
on the image quality. Technical adjustments should be made 
throughout the examination by the operator to improve signal- 
to-noise ratio and image resolution. The appropriate probe and 
optimal transducer frequency are selected to image the struc¬ 
tures in question, and adjustments of the electronic (acoustic) 
focus depth are made throughout the study as necessary. Center¬ 
ing of structures of interest, using an appropriate degree of mag¬ 
nification, and optimizing of windows for imaging and Doppler 
interrogation are critical for image quality. The optimal window 
should allow the ultrasound beam to be directed perpendicu¬ 
larly to structures of interest for imaging and parallel to flow jets 
for Doppler interrogation and color flow mapping. Patient posi¬ 
tion, comfort, and level of anxiety are important considerations 
during the examination. 

In the usual performance of an echocardiogram, the goals 
from each view should be (i) imaging of cardiovascular struc¬ 
tures; (ii) color and/or spectral Doppler interrogation of each 
valve and other major cardiovascular structures; and (iii) a com¬ 
plete evaluation of any suspicious chamber, vessel, or flow jet 
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Table 4.1 Structures viewed from subxiphoid (subcostal) views 


Inferior vena cava 

Hepatic veins 

Abdominal aorta 

Diaphragm 

Superior vena cava 

Left atrium 

Right atrium 

Atrial septum 

Coronary sinus 

Pulmonary veins 

Mitral valve 

Tricuspid valve 

Left ventricle 

Right ventricle 

Ventricular septum 

Left ventricular papillary muscles 

Aortic valve 

Pulmonary valve 

Ascending aorta 

Coronary arteries 

Main and branch pulmonary arteries 
Pericardium 


identified during the course of the examination. Tables 4.1-4.5 
list the structures that should be visualized from the standard 
examination views. During the progress of a pediatric echocar¬ 
diogram, the sonographer or echocardiographer must keep in 
mind the indications for the study and the need to address 
potential issues that may affect treatment. A complete examina¬ 
tion may require that custom, or “in-between,” planes be used to 
investigate or display an abnormality. 

Extracardiac structures are also visualized during a standard 
transthoracic examination. Mediastinal abnormalities such as 
masses or cysts, if present, should be noted [11,12]. The pres¬ 
ence or absence of the thymus may be seen in young children. 
Careful attention to symmetry and amplitude of diaphragm 
motion and screening for pleural effusions from subxiphoid 


Table 4.3 Structures viewed from left parasternal views 


Inferior vena cava 

Superior vena cava 

Left atrium 

Right atrium 

Atrial septum 

Coronary sinus 

Pulmonary veins 

Mitral valve 

Tricuspid valve 

Left ventricle 

Right ventricle 

Ventricular septum 

Left ventricular papillary muscles 

Aortic valve 

Pulmonary valve 

Ascending aorta 

Coronary arteries 

Main and branch pulmonary arteries 
Pericardium 


and flank windows (see later) is particularly important in 
postoperative cardiac patients. 

Standard orthogonal imaging views 

The five standard views of a pediatric echocardiogram, as 
defined by the American Society of Echocardiography, are all 
employed as part of a routine examination: subxiphoid (sub¬ 
costal), apical, parasternal (left parasternal), suprasternal notch, 
and right parasternal [ 13]. These imaging planes provide unique 
information regarding cardiovascular malformations that are 
often seen in childhood. A complete examination requires that 
the cardiovascular structures be imaged from multiple orthog¬ 
onal planes. This practice minimizes artifacts due to false 

Table 4.4 Structures viewed from suprasternal notch views 


Superior vena cava 

Left atrium 

Pulmonary veins 

Ascending aorta 

Superior thoracic aorta 

Main and branch pulmonary arteries 

Aortic arch 

Proximal brachiocephalic arteries 
Left innominate vein 


Table 4.2 Structures viewed from apical views 


Inferior vena cava 

Left atrium 

Right atrium 

Atrial septum 

Coronary sinus 

Selected pulmonary veins 

Mitral valve 

Tricuspid valve 

Left ventricle 

Right ventricle 

Ventricular septum 

Left ventricular papillary muscles 

Aortic valve 

Pulmonary valve 

Ascending aorta 

Main and branch pulmonary arteries 


Pulmonary veins 

Ascending aorta 

Superior thoracic aorta 

Main and branch pulmonary arteries 

Aortic arch 

Proximal brachiocephalic arteries 
Left innominate vein 


Table 4.5 Structures viewed from right parasternal views 


Inferior vena cava 
Superior vena cava 
Right atrium 
Atrial septum 
Right pulmonary veins 
Ascending aorta 
Right pulmonary artery 
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Figure 4.1 Line drawing of transducer locations for standard imaging 
windows. 


“dropout” of structures imaged parallel to the beam of interro¬ 
gation, “shadowing” from reflective structures proximal to the 
area of interest, or “mirroring” from the reflection of ultrasound 
on tissue layers. 

The imaging planes are identified by transducer location 
(subxiphoid, apical, parasternal, suprasternal notch, and right 
parasternal) and by the plane of examination relative to the heart 
(4-chamber, 2-chamber, long-axis, and short-axis) (Figure 4.1). 
In addition, imaging planes may be described as anatomic 
planes (sagittal, transverse/axial, or coronal). The views and 
structures presented in the following sections are described as 
seen in a patient with normal or near-normal cardiovascular 
anatomy. 

Subxiphoid (subcostal) views 

Subxiphoid imaging [14-16] begins with the determination of 
abdominal visceral situs in the transverse plane. The transducer 
is positioned with the notch at the 3 o’clock position as viewed 
from inferiorly with anterior structures displayed at the top of 
the screen. In addition to visualization of the liver and stomach, 
the spleen should be sought in patients with suspected abnor¬ 
mal abdominal visceral situs. The location of the hepatic seg¬ 
ment of the inferior vena cava and descending aorta in relation 
to the midline and one another are determined from this view 



Figure 4.2 Axial image of a child with normal abdominal visceral situs. Ao, 
aorta; I VC, inferior vena cava. 


(Figure 4.2). The patency, size, and collapsibility of the inferior 
vena cava should be documented in its long axis (the transducer 
is rotated clockwise so that the notch is at the 6 o’clock position), 
and the abdominal descending aorta should also be demon¬ 
strated (Figure 4.3). If a dilated azygos vein is seen posterior 
to the descending aorta, interruption of the inferior vena cava 
should be suspected. Inadvertent compression of the inferior 
vena cava, mimicking interruption, may be avoided by reducing 
the amount of abdominal pressure used to obtain the image. 

The imaging plane is then inverted so that the superior struc¬ 
tures are displayed at the top of the screen. As the plane of 
imaging is angled from the abdomen to the thorax, the con¬ 
nections of the hepatic veins to the inferior vena cava are visu¬ 
alized, followed by the connection of the inferior vena cava 
to the right atrium. The descending aorta at the level of the 
diaphragm should be identified, and any additional vascular 
structures crossing the diaphragm should be fully investigated 
by 2D imaging and color flow mapping. It is useful to visual¬ 
ize both hemi-diaphragms at the same time in the subxiphoid 
long-axis (transverse) view to document normal diaphragmatic 
motion with respiration. 

The subxiphoid long-axis (coronal, frontal) sweep begins in 
the transverse plane and utilizes the liver as an acoustic window 
to the heart (Figure 4.4; Video 4.1). The connections of the 
hepatic veins to the inferior vena cava should be documented, as 
well as the entrance of the inferior vena cava to the right atrium. 
As the sweep passes the inferior/posterior surface of the heart, 
the coronary sinus is often well visualized along the left posterior 
atrioventricular groove, and the posterior descending coronary 
artery may be seen in the posterior interventricular groove. The 
long-axis view allows for good visualization of the atrial septum 
and characterization of right versus left atrial and ventricular 
morphology. As imaging transitions into a nearly coronal plane, 
the ventricular outflow tracts are well displayed, as is the right 
atrial appendage and the proximal portion of the normal right 
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Figure 4.3 Long-axis composite image of uninterrupted inferior vena cava and descending aorta, (a) IVC, inferior vena cava, (b) Abd. Ao, abdominal 
aorta; SMA, superior mesenteric artery. 



Figure 4.4 Line drawings and serial images of subxiphoid long-axis (frontal) sweep. (1) DAo, descending aorta; LA, left atrium; LV, left ventricle; RA, right 
atrium. (2) Ao arch, aortic arch; AoV, aortic valve; LPA, left pulmonary artery; RPA, right pulmonary artery; TV, tricuspid valve. (3) Ao, aorta; MPA, main 
pulmonary artery; RSVC, right superior vena cava. (4) LV, left ventricle; RAA, right atrial appendage; RV, right ventricle; RVOT, right ventricular outflow 
tract. 
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Figure 4.5 Line drawings and serial images of subxiphoid short-axis (sagittal) sweep. (1) IVC, inferior vena cava; LA, left atrium; RA, right atrium; RPA, 
right pulmonary artery; RUPV, right upper pulmonary vein. (2) IVC-RA junction, inferior vena caval-right atrial junction; LA, left atrium; RA, right 
atrium; RAA, right atrial appendage; RPA, right pulmonary artery; RSVC, right superior vena cava. (3) Ao, aorta; MPA, main pulmonary artery; MV, 
mitral valve; PV, pulmonary valve; TV, tricuspid valve. (4) ALPM, antero-lateral papillary muscle; PMPM, postero-medial papillary muscle. 


superior vena cava to the right of the ascending aorta. The 
position of the left coronary artery ostium may be visualized 
as the sinuses of Valsalva and ascending aorta are imaged. The 
bifurcation of the main pulmonary artery into the branch pul¬ 
monary arteries should be documented during the sweep. Color 
flow mapping in the subxiphoid long axis may be advantageous 
for interrogation of the atrial septum and the anterior muscular 
septum. To visualize the true long axis of the atrial septum, the 
transducer should be rotated in between the subxiphoid long- 
and the short-axis views. Sweeping from this plane can further 
elucidate defects in the inferior atrial septum that might be 
underappreciated in the standard subxiphoid views. 

The subxiphoid short-axis (sagittal) sweep (Figure 4.5; 
Videos 4.2 and 4.3) starts in a sagittal plane with the trans¬ 
ducer notch positioned inferiorly (6 o’clock). The short-axis 
“reference view” includes the atria (including the right atrial 
appendage), the atrial septum, and the superior and inferior 
venae cavae. The Eustachian valve - the venous valve of the infe¬ 
rior vena cava - is frequently seen in this view as an extension 
of the anterior wall of the inferior vena cava and should not be 


confused with the atrial septum [17]. The imaging sweep nor¬ 
mally begins to the right, allowing visualization of the right 
upper pulmonary vein as it passes lateral and posterior to the 
superior vena cava and then proceeds from the base to the apex 
of the heart. The right pulmonary artery is seen in cross-section 
posterior to the superior vena cava and above the roof of the left 
atrium. The arch of the azygos vein above the right pulmonary 
artery and into the superior vena cava may also be visualized in 
this sweep. Atrial septal morphology, including the apposition of 
septum primum and septum secundum, is often well seen in the 
short-axis plane. The tricuspid valve is imaged before the mitral 
valve as the transducer passes from right to left. The morphol¬ 
ogy of the atrioventricular valves, including fibrous continuity 
between the atrioventricular and aortic valves, can be identified 
as the imaging plane passes the atrioventricular canal region. 
The transducer position may need to be repositioned during the 
sweep (generally more rightward on the abdomen, taking advan¬ 
tage of the right-sided liver as an acoustic window) to maintain 
a short-axis imaging plane as the apex of the heart is visualized. 
A list of structures that should be identified on the subxiphoid 
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Figure 4.6 Line drawings and serial images of apical 4-chamber sweep. (1) AoV, aortic valve; MV leaflets, mitral valve leaflets. (2) DAo, descending 
thoracic aorta; LA, left atrium; LV, left ventricle; MV, mitral valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve. (3) RA, right atrium. 


views is provided in Table 4.1. Color flow mapping of the atrial 
and ventricular septa, particularly in smaller children, is often 
best visualized in the subxiphoid short-axis sweep. It is impor¬ 
tant to lower the color flow Doppler scale due to the poor angle 
of interrogation for flow across parts of the ventricular septum. 
Doppler interrogation of the descending aorta at the level of the 
diaphragm is recommended as part of a complete examination 
in all patients. 

Apical views 

Standard apical [18] 4-chamber and long-axis (“3-chamber”) - 
as well as, in some laboratories, apical 2-chamber - views are 
obtained. The child is placed in a partial left lateral decubitus 
position with the left arm raised to bring the apex of the 
heart closer to the chest wall, and the apical impulse may be 
palpated for transducer placement. The notch of the transducer 
is directed toward the left axilla, at the 2-3 o’clock position as 
viewed from the apex. The apical 4-chamber reference view 
allows for the spectral and color Doppler interrogation of the 
atrioventricular valves and characterization of ventricular mor¬ 
phology. With the proper adjustments, the apical displacement 


of the normal tricuspid annulus relative to the mitral annulus, 
ventricular trabeculations and the moderator band may be well 
visualized. The 4-chamber sweep (Figure 4.6; Videos 4.4 and 
4.5) begins posteriorly to demonstrate the coronary sinus [19], 
the entrance of the inferior vena cava into the right atrium 
bordered anteriorly/inferiorly by the Eustachian valve, and the 
thoracic descending aorta posterior to the left atrium in the 
nearly transverse plane. The sweep covers the anterior surface 
of the heart after passing through the “5-chamber view,” which 
highlights the left ventricular outflow tract and ascending aorta 
(Table 4.2). The ventricular apex may be magnified in the 
4-chamber view for careful color Doppler mapping of the apical 
muscular septum. This view should not be used to interrogate 
the atrial septum as it is parallel to the ultrasound beam and 
false dropout can occur. 

At the end of the 4-chamber sweep, repositioning of the trans¬ 
ducer medially toward the lower left sternal border and moving 
up one or two rib spaces brings the right ventricular inflow and 
right ventricular free wall more into alignment with the beam of 
interrogation. Superior and anterior angulation from this posi¬ 
tion brings the right ventricular outflow tract into alignment and 
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Figure 4.7 Image of modified apical view demonstrating the right 
ventricular outflow tract. MPA, main pulmonary artery; PV, pulmonary 
valve; RYOT, right ventricular outflow tract; Th. Ao, thoracic aorta. 


often offers an optimum angle for Doppler interrogation of the 
right ventricular outflow tract and color flow mapping of the 
pulmonary valve (Figure 4.7). 

The apical long-axis (“3-chamber”) view is obtained by 
rotation of the transducer clockwise approximately 60° from 
the 4-chamber view (Figure 4.8), with the transducer notch at 
4 o’clock. Imaging of the left ventricular outflow tract from the 
apex allows for visualization of subaortic structures oriented 
perpendicular to the plane of insonation [20]. The long-axis 


view allows for optimal Doppler interrogation of the left ven¬ 
tricular outflow tract and ascending aorta as well as color flow 
mapping of the aortic valve. Modified views foreshortening 
the left ventricle may allow clearer visualization of the left 
ventricular outflow tract. 

The 2-chamber view is utilized for quantification of left 
atrial size, global left ventricular function [21], or assessment 
of regional wall motion. This view is obtained by rotation of 
the transducer counterclockwise approximately 60° from the 4- 
chamber view, with the transducer notch at 12-1 o’clock. The 
anterior wall is displayed on the right side of the screen and infe¬ 
rior wall on the left (Figure 4.9). 

Parasternal (left parasternal) views 

With the child still in a partial left lateral decubitus position, 
the transducer is placed on the upper to mid left sternal border 
with the transducer notch directed toward the right shoulder 
(10 o’clock) to provide a parasternal [19,22] long-axis view. 
The long-axis reference view is obtained with the transducer 
positioned over the left ventricular outflow tract (Figure 4.10; 
Videos 4.6 and 4.7), allowing visualization of the aortic valve, 
mitral valve, and the basal to mid inferolateral wall of the left 
ventricle. The fibrous continuity between the mitral and aortic 
valves is easily demonstrated, and the phasic motion of the valve 
leaflets is well visualized. The transducer is tilted toward the 
right hip to visualize the tricuspid valve and right ventricular 
inflow. The coronary sinus ostium may also be visualized with 
this posterior sweep. The transducer is then tilted anteriorly 
toward the left shoulder to visualize the right ventricular 
outflow tract, pulmonary valve, and main pulmonary artery. 
Color flow mapping of each of the valves should be performed 



Figure 4.8 Line drawing and image of apical 
long-axis view. Ao, aorta; LA, left atrium; LV, 
left ventricle; RV, right ventricle. 
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Figure 4.9 Image of apical 2-chamber view. LA, left atrium; LV, left 
ventricle. 


from the parasternal window. Repositioning of the transducer 
superiorly may be required to provide a long-axis or sagittal 
oblique view of the aorta, which best demonstrates the proximal 
ascending aorta in its long axis for diameter measurement and 
also allows for visualization of the right coronary artery ostium 
relative to the sinotubular junction. 

The parasternal short-axis view (Figure 4.11; Videos 4.8 and 
4.9) at the base of the heart can provide detailed imaging of aor¬ 
tic valve morphology [23] as well as views of the right ventricular 
infundibulum (conus) and pulmonary valve. From the long-axis 
view, the transducer is clockwise rotated so that the transducer 
notch is directed toward the left shoulder (2 o’clock). The short- 
axis reference view consists of: the aorta centered in the imaging 
sector; the right ventricular inflow; the right ventricular outflow 
tract and main pulmonary artery; and the atria. Although rela¬ 
tively parallel to the beam of insonation, the atrial septum may 
be visualized in a modified short-axis view obtained by slight 
clockwise rotation (3 o’clock) and repositioning the transducer 
one or two rib notches inferiorly; this view may be especially 
useful in larger children with poor subxiphoid windows. Exam¬ 
ination of the coronary artery ostia should be obtained from the 
short-axis views, as well as imaging and color flow mapping of 



Figure 4.10 Line drawings and serial images of parasternal long-axis sweep. (1) LV, left ventricle; RA, right atrium; RV, right ventricle; TV, tricuspid valve; 
VS, ventricular septum. (2) Ao, aortic valve; CS, coronary sinus; DAo, descending aorta; LA, left atrium; LV, left ventricle; MV, mitral valve, RV, right 
ventricle. (3) LV, left ventricle; MPA, main pulmonary artery; PV, pulmonary valve; RVOT, right ventricular outflow tract; VS, ventricular septum. 
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Figure 4.11 Line drawings and serial images of parasternal short-axis sweep. (1) AoV, aortic valve; LA, left atrium; MPA, main pulmonary artery; PV, 
pulmonary valve; RA, right atrium; RVOT, right ventricular outflow tract; TV, tricuspid valve. (2) Ant. MV, anterior mitral valve; Post. MV, posterior 
mitral valve; RV, right ventricle. (3) ALPM, anterolateral papillary muscle; PMPM, posteromedial papillary muscle. 


the proximal coronary arteries (Figures 4.12 and 4.13; Videos 
4.10 and 4.11) [24-26]. Clockwise rotation of the transducer 
(also 3 o’clock) into a transverse view elongates the left main 
and anterior descending coronary arteries, and often demon¬ 
strates the bifurcation of the left main coronary artery. The great 
cardiac vein may also be well visualized from this transverse 
left parasternal window [27]. Slight counterclockwise rotation 
(1 o’clock) may elongate the right coronary artery and improve 
its visualization. 

The parasternal short-axis sweep begins with the transducer 
tilted toward the right shoulder to demonstrate better the main 
and branch pulmonary arteries. Detailed imaging of the pul¬ 
monary valve and proximal main pulmonary artery may require 
repositioning of the transducer inferiorly, as well as tilting and 
clockwise rotation (to 3 o’clock) to provide a nearly coronal 
plane of imaging directed superiorly Imaging of the pulmonary 
valve in this angled short-axis view should be optimized for 
pulmonary annulus diameter measurement. The parasternal 
short-axis sweep progresses from the base of the heart to the 
apex. On the left border of the heart at the base, the sweep 


shows the branch pulmonary arteries, followed by the left atrial 
appendage positioned anterior to the left upper pulmonary 
vein, and then the left lower pulmonary vein proximal to the 
atrioventricular groove. The right lower pulmonary vein is 
found near the entrance of the inferior vena cava separated by 
the atrial septum. Color and spectral Doppler are often helpful 
in distinguishing the left atrial appendage from the left upper 
pulmonary vein. The morphology of the mitral leaflets and valve 
apparatus, including the position of the left ventricular papillary 
muscles, is often best seen on short-axis views of the ventricles. 
In larger hearts, color flow mapping of the ventricular septum 
may require separate sweeps of the anterior and posterior 
portions of the septum to assess for muscular ventricular septal 
defects. Examination of the apical muscular septum may require 
repositioning of the transducer toward the apex during the 
short-axis sweep. A list of structures that should be identified 
on the left parasternal views is provided in Table 4.3. 

A “ductal view” is obtained from imaging in a parasagittal 
plane from a high left parasternal window, with the transducer 
notch at 12 o’clock. This window lines up the ultrasound beam 
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Figure 4.12 (a) Parasternal short-axis 2D and (b) color Doppler images of axial right coronary artery Ao, aorta; LA, left atrium; MPA, main pulmonary 
artery; RA, right atrium; RCA, right coronary artery; RPA, right pulmonary artery; RYOT, right ventricular outflow tract. 


with the main pulmonary artery-ductus-descending aorta con¬ 
tinuum and allows for exclusion of a normally located small 
patent ductus arteriosus (Figure 4.14; Videos 4.12 and 4.13). 
On a larger patient, the position of the transducer may need 
to be adjusted to a lower window. The distal aortic arch and 
superior thoracic aorta may also be visualized through the heart 
and the main pulmonary artery, and, in larger individuals, the 
aortic isthmus is sometimes best seen from this position. The 
heart may be used as an acoustic window for the rest of the tho¬ 
racic descending aorta. Clockwise rotation of the transducer to 
a high left sternal border transverse plane (transducer notch at 
3 o’clock) may better demonstrate the left pulmonary veins in 
some larger individuals. 


Suprasternal notch views 

The child is placed in a supine position, and the neck and upper 
back may be slightly arched with the assistance of a rolled towel 
or pillow under the shoulders. Imaging from the suprasternal 
notch [28-30] includes positioning of the transducer in the right 
supraclavicular region and occasionally in the left supraclavicu¬ 
lar region. In the coronal, or short-axis plane with the transducer 
notch at 3 o’clock, the connection or absence of the left innomi¬ 
nate vein to the right superior vena cava may be visualized. The 
leftward extent of the left innominate vein should be examined 
by color flow mapping to exclude a left superior vena cava or an 
anomalous pulmonary venous connection. Infrequently, small 
tributaries of the left innominate vein, such as the left superior 



Figure 4.13 (a) Parasternal short-axis 2D and (b) color Doppler images of axial left coronary artery Ao, aorta; Circ., circumflex; LAD, left anterior 
descending; PV, pulmonary valve; RYOT, right ventricular outflow tract. 
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Figure 4.14 Image of high parasternal “ductal” view. DAo, descending 
aorta; LA, left atrium; MPA, main pulmonary artery 


intercostal vein or left internal thoracic vein, may be seen drain¬ 
ing normally by color flow mapping. 

From the suprasternal notch short-axis view, superior (cra¬ 
nial) angulation of the transducer demonstrates the branching 
pattern of the aorta (Figure 4.15; Videos 4.14 and 4.15) [31]. 
The sidedness of the aortic arch may be determined in almost 
all cases as opposite of the direction, or sidedness, of the first 
brachiocephalic artery. Visualization of the aorta relative to the 
trachea or acoustic shadowing from the tracheal air column may 
help confirm arch sidedness. A normal branching pattern of the 



Figure 4.15 Image of suprasternal notch short-axis sweep. JV, jugular vein; 
RCCA, right common carotid artery; RIA, right innominate artery; RSCA, 
right subclavian artery 


aortic arch should be documented by demonstration of a nor¬ 
mally bifurcating first brachiocephalic artery; if the first branch 
does not bifurcate normally and/or the first and second branches 
are the same size, an aberrant origin of the subclavian artery 
should be suspected. 

Demonstration of the left aortic arch in its long axis (Fig¬ 
ure 4.16; Video 4.16) is achieved by counterclockwise rotation, 
resulting in a transducer notch position of 1-2 o’clock from the 
coronal plane in the suprasternal notch window. The axis is from 




Figure 4.16 Line drawing and image of 
suprasternal notch aortic arch view. LA, left 
atrium; LCCA, left common carotid artery; 
LIV, left innominate vein; LSCA, left 
subclavian artery; RA, right atrium; RIA, right 
innominate artery; RPA, right pulmonary 
artery. 
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Figure 4.17 Image of suprasternal notch left pulmonary artery view. LPA, 
left pulmonary artery; MPA, main pulmonary artery 


left shoulder to right anterior hip. As noted earlier, the distal 
aortic arch and aortic isthmus are sometimes best seen from 
a “ductal view.” Further leftward angulation often best demon¬ 
strates the left pulmonary artery (Figure 4.17; Video 4.17). A list 
of structures that should be identified on the suprasternal notch 
views is provided in Table 4.4. 

With the transducer in a nearly coronal plane (transducer 
notch at 3 o’clock) using an increased depth of field, the right 
pulmonary artery is demonstrated in its long axis. In smaller 
individuals, both the right and left pulmonary venous connec¬ 
tions to the left atrium are well visualized in the far field of the 
suprasternal notch or left infraclavicular transverse view (“crab 
view”) (Figure 4.18; Video 4.18). Repositioning the transducer 
over the right supraclavicular or infraclavicular regions may bet¬ 
ter reveal the right pulmonary artery or right pulmonary veins. 
Flow in the superior vena cava may also be best seen in this plane. 

Right parasternal views 

The rightward extent of the atrial septum and nearby structures 
may be well visualized in a parasagittal imaging plane from the 
right parasternal border with the transducer notch at 12 o’clock 
(Table 4.5) [32]. Positioning of the patient in a right lateral decu¬ 
bitus position with the right arm raised above the head is often 
helpful. From a window at the mid to upper right sternal bor¬ 
der (Figure 4.19), the structures imaged are similar to the sub- 
xiphoid short-axis reference view, including the atria, the atrial 
septum, and the superior and inferior venae cavae. The unique 
feature of the right parasternal window is that the atrial septum 
is oriented perpendicular to the plane of insonation, resulting 
in less “dropout” artifact. This view is therefore useful to assess 
for a sinus venosus defect. A sweep is made initially toward the 


right to demonstrate the rightward extent of the atrial septum 
and the right upper pulmonary vein. The azygos vein is often 
seen by imaging and color flow mapping as it arches over the 
right pulmonary artery and connects to the superior vena cava. 
The sweep then is directed leftward to image and color-flow- 
map the overlapping septum primum and septum secundum 
(Videos 4.19 and 4.20). Doppler interrogation of the left ven¬ 
tricular outflow tract can also be performed from the superior 
right upper parasternal window if indicated. In larger children, 
a separate inferior window one or two rib spaces lower may be 
utilized to demonstrate the more inferior structures at the right- 
ward extent of the heart. 

Rotation into a short-axis (transverse) imaging plane from a 
superior right parasternal window, with the transducer notch 
then positioned at 3 o’clock, allows visualization and color flow 
mapping of the right upper pulmonary vein. Sweeping from 
cranial to caudal, the relative positions of the right superior vena 
cava and ascending aorta are seen, followed by the right pul¬ 
monary artery in its long axis. The right upper pulmonary vein 
is visualized just below the right pulmonary artery bifurcation. 
Frequently, three separate right pulmonary veins can be demon¬ 
strated by imaging or color flow mapping (Figure 4.20; Videos 
4.21 and 4.22). 

Additional or supplemental imaging views 

In some pediatric echocardiography laboratories, “in-between” 
imaging views are routinely performed as part of a nor¬ 
mal echocardiogram. Two of these in-between views may be 
described as analogs of the right anterior oblique and the left 
anterior oblique, or long axial oblique, angiographic views used 
in cardiac catheterization procedures. The performance of these 
views is particularly important when cardiovascular malforma¬ 
tions are suspected in the regions of interest. 

Right anterior oblique view 

The right anterior oblique view [33,34] is acquired by rotation 
of the transducer approximately 45° counterclockwise from the 
standard subxiphoid long-axis view, resulting in the transducer 
notch being positioned at 1-2 o’clock (Figure 4.21). This plane 
simultaneously images the inflow and outflow portions of the 
right ventricle and highlights abnormalities of conal septum, 
particularly when there is anterior malalignment. It also demon¬ 
strates the right ventricular outflow tract and the connection to 
the branch pulmonary arteries. No sweep is involved with this 
view. 

Left anterior oblique view 

The left anterior oblique view [35-37] is a sweep acquired 
by rotation of the transducer approximately 30-45° clockwise 
from the standard subxiphoid long-axis view, resulting in the 
transducer notch being positioned at 4-5 o’clock, and scanning 
from base to apex (normally from right hip to left shoulder) 
(Figure 4.22; Video 4.23). This plane produces an en face view of 
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Figure 4.18 Line drawing, 2D image (a) and color Doppler image (b) of suprasternal view of pulmonary veins. (1) Ao, aorta; DAo, descending aorta; LAA, 
left atrial appendage; LLPV, left lower pulmonary vein; LUPV, left upper pulmonary vein; PA, pulmonary artery; RLPV, right lower pulmonary vein; RUPV, 
right upper pulmonary vein. (2) Ao, aorta; LIV, left innominate vein; MPA, main pulmonary artery; RJV, right jugular vein; RPA, right pulmonary artery; 
RSVC, right superior vena cava. 


the atrioventricular valves that best demonstrates any abnormal 
attachment of the atrioventricular valve leaflets and the chordal 
and papillary muscle positions. 

"Flank" views 

Supplemental imaging from the “flanks” is indicated when early 
postoperative examinations are performed. These views are 
obtained along the right and left posterior axillary lines near 
the level of the diaphragm with the transducer notch at 12 
o’clock, resulting in a coronal imaging plane (with the superior 


structures to the right of the display screen and the inferior struc¬ 
tures to the left) (Figure 4.23). Whenever possible, the liver or the 
spleen should be used as an acoustic window in order to visualize 
the costophrenic margin and beyond to observe diaphragmatic 
motion as well as to rule out pleural effusion. 

Measurements 

The measurement of cardiac structures and flows is critical to 
the interpretation of a pediatric echocardiogram. An abnormally 
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Figure 4.19 Line drawing and image of right 
parasternal longitudinal view. IVC, inferior 
vena cava; LA, left atrium; RA, right atrium; 
RPA, right pulmonary artery; RSVC, right 
superior vena cava. 



small or large structure can be a clue to otherwise silent pathol¬ 
ogy, and is important to the planning of surgical procedures. 
Mild forms of obstruction can be diagnosed only by accurate 
measurement of flow velocities. 

In general, it is recommended that all relevant measurements 
be made as part of a complete pediatric echocardiogram, as out¬ 
lined in Chapters 5-8 on quantitative methods. Recommenda¬ 
tions for quantification methods for a pediatric echocardiogram 


have been published [3]. In addition, guidelines have been pub¬ 
lished for the echocardiographic assessment of valvar regurgi¬ 
tation [38] and quantitative methods in adult patients [21]. The 
measurements that are “relevant” in pediatric patients, however, 
will vary depending upon the specifics of their cardiovascu¬ 
lar anatomy. The examination protocol of a laboratory should 
specify which measurements to perform and the laboratory pro¬ 
cedure for obtaining each measurement for internal consistency 


Figure 4.20 Line drawing and image of right 
parasternal short-axis view. Ao, aorta; MPA, 
main pulmonary artery; RLPV, right lower 
pulmonary vein; RUPV, right upper 
pulmonary vein; SVC, superior vena cava. 
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Figure 4.21 Image of subxiphoid right anterior oblique view. Ao, aorta; 
MPA, main pulmonary artery; PV, pulmonary valve; RA, right atrium; 
RPA, right pulmonary artery; RV, right ventricle; TV, tricuspid ventricle. 


Recommended measurements may be grouped into mea¬ 
surements of cardiovascular structures, ventricular size and 
function measurements, hemodynamic measurements, and 
miscellaneous/pathology-related measurements. The reader is 
referred to the appropriate sections of this textbook for a dis¬ 
cussion of each of these measurement categories. 


Reporting 

The minimum elements of a pediatric echocardiography report 
have been defined in guidelines published by the American 



Figure 4.22 Image of subxiphoid left anterior oblique view. Ao, aorta; 
MPA, main pulmonary artery; MV leaflets, mitral valve leaflets; TV, 
tricuspid valve; Vent. Septum, ventricular septum. 
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Figure 4.23 Flank view. Rt., right. 


Society of Echocardiography [13] and in the accreditation stan¬ 
dards of the Intersocietal Accreditation Commission [4]. An 
adapted version of the reporting requirements is provided in 
Table 4.6. Basic identifier information should be listed, and 
a statement relating to the indication for study is required. 
Appointment information, including the indications for the 
study, should be provided. The patient’s height and weight 
should be recorded for body surface area calculation. Con¬ 
veyance of the echocardiographic findings in a clear and cogent 
manner is important. The final report must be completely type¬ 
written, and must include the name of the sonographer, ordering 
physician, and interpreting physician. Abbreviations should be 
generally avoided or, when used, should be clearly noted and/or 
unambiguous. 

The report findings section can be configured in a variety 
of ways but should include information on (i) structural find¬ 
ings, (ii) measurements of cardiovascular structures made, (iii) 
Doppler echocardiographic data, and (iv) ventricular function 
assessment. Positive findings and pertinent negative findings 
should be listed. 

Information pertaining to cardiovascular anatomy and 
structure can be conveyed utilizing the segmental approach. 
In addition to reporting the absolute values, it is useful to 
report quantitative measures within the context of age- or 
size-appropriate norms (e.g., z-score values) [39-41]. 

The hemodynamic and ventricular function measurements 
are discussed in other sections of this textbook. Relevant 
Doppler information concerning the atrioventricular valves, 
semilunar valves, and any shunt sites should be provided. Quan¬ 
titative Doppler and ventricular function information, when 
appropriate, should be included in the report. 

A summary section should be provided, including any perti¬ 
nent positive or negative findings. If possible, important changes 
from the previous study should be noted. Any technical or other 
limitations - such as lack of patient cooperation - that might 
compromise the diagnostic accuracy of the echocardiographic 
examination should be specified in the report. Examples include 
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Table 4.6 Minimal elements for a pediatric echocardiography report 

Demographic data 

Name 

Date of birth 
Gender 

Medical record identifier 
Appointment information 

Date of study 
Location of study 
Performing sonographer 
Referring physician 
Sedation used 

Clinical data 

Study indications 

Patient height and weight (for body surface area calculation) 

Blood pressure 

Findings section 

Structural features (morphologic diagnoses) 

Measurements of cardiovascular structures (with z-scores for comparison 
with normal data), including aortic root dimension 

Doppler (hemodynamic) findings 

Ventricular function assessment, including quantitative assessment of left 
ventricular dimensions; wall thickness or mass; and systolic function (with 
some exceptions) 

Summary section 

Summary of the results, including any pertinent positive and negative 
findings 


suboptimal acoustic windows, heart rate constraints, and exces¬ 
sive patient motion during the examination. 


Videos 


To access the videos for this chapter, please go to www.lai- 
echo.com. 


Video 4.1 
Video 4.2 
Video 4.3 
Video 4.4 
Video 4.5 
Video 4.6 
Video 4.7 
Video 4.8 
Video 4.9 


Subxiphoid long-axis imaging sweep. 
Subxiphoid short-axis imaging sweep. 
Subxiphoid short-axis color Doppler sweep. 
Apical 4-chamber imaging sweep. 

Apical 4-chamber color Doppler clips. 
Parasternal long-axis imaging sweep. 
Parasternal long-axis color Doppler sweep. 
Parasternal short-axis imaging sweep. 
Parasternal short-axis color Doppler sweep. 


Video 4.10 Parasternal right coronary artery imaging and color 
Doppler sweeps. 

Video 4.11 Parasternal left coronary artery imaging and color 
Doppler sweeps. 

Video 4. 12 Parasternal “ductal view” imaging sweep. 

Video 4.13 Parasternal “ductal view” color Doppler sweep. 

Video 4.14 Suprasternal notch short-axis imaging sweep. 

Video 4.15 Suprasternal notch short-axis color Doppler sweep. 

Video 4.16 Suprasternal notch imaging and color Doppler of aortic 
arch. 

Video 4.17 Suprasternal notch imaging of left pulmonary artery 

Video 4.18 Suprasternal imaging and color Doppler of pulmonary 
veins. 

Video 4.19 Right parasternal longitudinal imaging sweep. 

Video 4.20 Right parasternal longitudinal color Doppler sweep. 
Video 4.21 Right parasternal short-axis imaging sweep. 

Video 4.22 Right parasternal short-axis color Doppler sweep. 
Video 4.23 Left anterior oblique imaging view. 
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Introduction 

Observations of the developing cardiovascular system date from 
antiquity, with Aristotle’s description of the beating heart in a 
chicken egg. However, quantitative description of the cardio¬ 
vascular system, an essential part of William Harvey s method, 
was a key step on the path to modern cardiology. The develop¬ 
ment of measurement techniques, beginning in the 19th century, 
combined with the ability to treat heart lesions beginning in the 
mid-20th century, spurred interest in accurate diagnosis and in 
methods correlating physiology with clinical outcome. 

Determination of the dimensions of the heart and great arter¬ 
ies is mandatory for adequate diagnosis and treatment of con¬ 
genital heart diseases [1]. For many cardiac disorders, these 
quantitative variables are highly predictive of outcome and pro¬ 
vide critical information about response to therapy, timing of 
intervention and, most importantly, which type of intervention 
is likely to have the optimum outcome. Invariably, changes in the 
size and shape of cardiovascular structures can be secondary to 
factors other than the disease process, and methods are there¬ 
fore required to differentiate these potential confounders from 
the disease process. These issues are particularly evident in chil¬ 
dren, where diagnostic evaluation is subject to the need to dif¬ 
ferentiate between disease or treatment effects and the effects of 
age and somatic growth. Because all cardiovascular structures 
increase in size in conjunction with growth, comparison of sub¬ 
jects whose body size is not identical requires some method of 
adjusting for this effect. 

Recommendations for standardization of measurements in 
children were published in 2010 by the American Society of 
Echocardiography [2]. These recommendations incorporate the 
requirement for reporting the size of cardiovascular structures 
as z-scores relative to body size. The Appendix to this text¬ 
book contains a set of normative values for echocardiographic 
measurements that are derived from data collected at Boston 


Childrens Hospital, measured in accordance with the Ameri¬ 
can Society of Echocardiography recommendations. The meth¬ 
ods of data collection and analysis have been previously pub¬ 
lished [3,4]. Here we present a general discussion of the issues 
surrounding adjustment of cardiovascular structures for age and 
body size and the methods that were used in the derivation of the 
models that are provided in the Appendix. 

Allometric modeling 

Many disease processes result in a change in the size of cardio¬ 
vascular structures, and these changes are often diagnostically 
and prognostically useful. For example, the magnitude of left 
ventricular (LV) dilation in patients with aortic regurgitation is 
useful in determining the severity of regurgitation and is also 
useful in predicting outcome after surgery. However, the use¬ 
fulness of this variable is limited by the confounding effects of 
other factors that influence left ventricular size. In general, car¬ 
diovascular structures are highly plastic, remodeling in response 
to sustained changes in the hemodynamic state related to many 
interacting factors including growth, development, exercise par¬ 
ticipation, genetics, body composition, basal metabolic rate and 
hematocrit, in addition to many environmental factors such as 
altitude and ambient temperature. Adjustment for these con- 
founders improves the utility of these measurements. Body size 
and age are two of the most potent confounders, particularly 
in children, and considerable effort has been devoted by many 
investigators to identification of the relationship between body 
size and the size of cardiovascular structures. The relative growth 
of a part of an organism in relation to the growth of the entire 
organism is known as allometry, and therefore here we are con¬ 
cerned with cardiovascular allometry. 

In addition to the implications of allometry for patient care, 
adjustment for the effects of changes in body size also has 
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important implications for clinical research. Although many 
clinical trials attempt to avoid potential confounders by selec¬ 
tion of a properly matched control group, if the disease or the 
therapeutic intervention can impact growth then detection of 
beneficial effects due to the therapeutic intervention can still be 
confounded by differential growth in the treated and untreated 
groups. For example, consider a study undertaken to determine 
if a novel medical therapy can favorably alter the severity of left 
ventricular dilation in infants with dilated cardiomyopathy. The 
typical study design would include active and placebo treated 
cohorts matched for age and body surface area at the time of 
study enrollment, thereby in theory permitting direct compar¬ 
ison of ventricular size between groups without the need to 
account for differences in body size. If growth during the treat¬ 
ment period was similar in children in both cohorts, comparison 
of the change in size of the LV between groups would address the 
study question. However, if active treatment influences somatic 
growth either directly or secondary to improved cardiovascu¬ 
lar status, the impact of somatic growth on left ventricular size 
could confound the interpretation of the direct effects of disease 
treatment on left ventricular size. Thus, directly adjusting for the 
effects of growth would improve the ability to accurately detect 
therapeutic effects. 

The fallacy of indexing for BSA: the so-called 
"per-BSA method" 

Historically, the most common approach to the problem of 
adjusting cardiovascular structures for body size has been to 
express them as their ratio relative to body surface area (BSA). 
For example, “cardiac index” is usually calculated as cardiac out¬ 
put (CO) divided by BSA, and “ventricular mass index” is calcu¬ 
lated as ventricular mass divided by BSA. The continued com¬ 
mon reliance on such “per-surface area standards” [5] despite 
their lack of validity, particularly in children, justifies a critical 
discussion of the deficiencies in this method prior to an explo¬ 
ration of alternative approaches to this problem [6-8]. 

The genesis of the per-BSA approach is the observation that 
in numerous intra- and inter-species studies, body heat pro¬ 
duction and CO are linearly related to BSA over a broad range 
of body size [9,10]. Consequently, cardiac index (CO/BSA) has 
been adopted as a reasonably valid method of comparing the CO 
of individuals of varying BSA. Next, based on regression models 
that found a nearly linear relationship between CO and the size 
of other cardiac and vascular structures, the per-BSA method 
was extrapolated and adopted by many as a general method 
for adjusting for the effects of growth on all cardiovascular 
structures. 

Unfortunately, although the relationship between two vari¬ 
ables can often be described as linear, this does not mean that 
this is the best descriptor of their relationship. The mathemat¬ 
ical inadequacy of this method can be readily recognized by a 
simple example. There are many studies documenting a statisti¬ 
cally significant linear relationship between left ventricular vol¬ 
ume and BSA, and a statistically significant linear relationship 


between left ventricular short-axis dimension and BSA. How¬ 
ever, volume and dimension are related by a cubic function, and 
it is therefore mathematically impossible for both volume and 
dimension to have a true linear relationship to BSA. The delu¬ 
sion that the per-BSA provides an adequate method of adjusting 
for the effects of body size is based on excess reliance on simple 
regression analysis performed over short ranges of the indepen¬ 
dent variable (BSA) in the absence of critical examination of how 
well the mathematical model actually describes the data, partic¬ 
ularly in the absence of any meaningful theoretical basis [11]. 

It is reasonably straightforward to statistically test whether an 
allometric model provides an adequate description of the rela¬ 
tionship between body size and the size of the body part. The 
intent of “indexing” or “normalizing” a variable such as CO 
for BSA is to permit valid comparisons between individuals of 
differing BSA by eliminating any residual dependence of the 
indexed variable on BSA. Therefore, if the method of indexing 
or adjusting for body size fully accounts for the effect of body 
size on the cardiovascular measurement, then the indexed vari¬ 
able will have the same mean value and the same distribution 
regardless of body size. From a statistical point of view, the mean 
and standard deviation of a variable “indexed” to BSA should be 
constant across the range of BSA. 

It is worth considering a concrete example of how easily one 
can be misled by a high correlation coefficient obtained by lin¬ 
ear regression. Figure 5.1 presents the strong linear relation¬ 
ship (r = 0.92) between the diameter of the aortic valve annulus 
(AoV) and BSA in 550 normal children varying in age from new¬ 
born to 18 years of age [3]. Such observations, in the absence of 
careful testing for whether this linear model eliminates residual 
dependence of AoV on BSA, has led to the common method of a 
per-BSA standard approach where “indexed AoV” is calculated 
as AoV divided by BSA. 

Does the per-BSA method fully account for the effect of body 
size? As noted earlier, this would imply that firstly, there should 
be no significant residual correlation between BSA and BSA- 
adjusted AoV, and secondly, BSA-adjusted AoV should have the 
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Figure 5.1 Graph of aortic valve annulus dimension versus body surface 
area (BSA) in 550 normal children. The linear regression line is also shown. 
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Figure 5.2 Graph of AVA/BSA versus BSA in 550 normal children. AVA, 
aortic valve annulus dimension; BSA, body surface area. 

same mean value and distribution regardless of BSA. Figure 5.2 
presents the relationship of AoV/BSA (“indexed aortic valve 
annulus diameter”) to BSA demonstrating that the relationship 
is curvilinear and the linear fit has a significantly non-zero slope 
value, failing the first of the foregoing requirements. In addi¬ 
tion, the mean ± standard deviation (SD) of the “indexed aortic 
valve annulus diameter” for a BSA of 1.8 m 2 is 1.2 ± 0.2 cm/m 2 , 
whereas for a BSA of 0.2 m 2 the mean ± SD is 3.5 ± 0.75 cm/m 2 , 
indicating that this approach to normalization also fails the 
second requirement. 

For the mathematically inclined, it is relatively easy to deter¬ 
mine the circumstances under which the per-BSA method will 
fail. In order for the per-BSA method of indexing to work, three 
assumptions must be met. The relationship to BSA must be 
linear, the intercept of the regression line must be zero, and 
the variance must be constant over the range of BSA. The first 
two assumptions arise mathematically as follows. For any vari¬ 
able such as AoV, if the “indexed AoV” (AoVi) is calculated as 
AoVi = AoV/BSA, then this relationship can be rearranged as 
AoV = AoVi X BSA. This rearrangement reveals that the rela¬ 
tionship has the equation of a line (y = mx + b) where the inter¬ 
cept (b) is zero and the line has a slope (m) equal to AoVi. If 
we look back at Figure 5.1, the regression line does not pass 
through the intercept (AoVi = 0.65 when BSA = 0) and although 
the regression has a high correlation, the data deviate from the 
regression line such that at low and high BSA values the data 
points are skewed below the regression line whereas in the mid¬ 
range the data are skewed above the regression line, indicating 
that the relationship is not truly linear. The failure of the linear 
fit to adequately describe the data can also be detected by exam¬ 
ining the residuals of the linear regression, shown in Figure 5.3. 
A statistically significantly better fit (r = 0.96) can be achieved 
with a nonlinear model of the form y = mx a + b, as shown in 
Figure 5.4. The superiority of the nonlinear regression is shown 
in Figure 5.5, where the residuals of the nonlinear regression 
are seen to have no significant residual relationship to BSA. The 
failure to meet the third assumption (constant variance) is also 
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Figure 5.3 Graph of the residuals of the linear regression of aortic valve 
annulus dimension versus body surface area (BSA) in 550 normal children. 
The residuals of the linear regression deviate from zero such that for low 
and high BSA values the residuals are skewed below zero whereas in the 
mid-range the data are skewed above zero, indicating that the relationship 
is not linear. 

shown in Figures 5.1 and 5.3, where the data spread around the 
regression line is seen to increase as BSA increases, which is to 
say the variance is not constant over the range of BSA. This pat¬ 
tern of having the variance rise as a function of BSA (noncon¬ 
stant variance, or heteroscedasticity) is observed for virtually all 
cardiovascular parameters [11-15] and, as shown in Figure 5.5, 
it is not eliminated by the nonlinear regression. Heteroscedas¬ 
ticity is a common statistical observation in almost all growth 
models in biology and economics [11] and can be explained by 
the BSA- and age-related increase in the inter-individual varia¬ 
tion in other factors that influence the size of these structures, 
such as blood pressure, adiposity, and habitual activity level. 

Alternative "indexing" methods 

The inadequacy of the per-BSA method has led investigators to 
evaluate other approaches to adjusting for the effect of body size 
on the size of cardiovascular structures. The first and simplest is 
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Figure 5.4 Nonlinear regression of the form y = ax b + c for aortic valve 
annulus dimension versus body surface area (BSA) in 550 normal children. 
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Figure 5.5 Graph of the residuals of the nonlinear regression of aortic valve 
annulus dimension versus body surface area (BSA) in 550 normal children. 
The residuals of the nonlinear regression have no significant residual 
relationship to BSA, although the magnitude of the residuals varies as a 
function of BSA (heteroscedasticity). 

to attempt to linearize the relationship by transforming either 
the cardiovascular structure or the BSA. Several authors have 
noted that the areas of cardiovascular structures relate linearly 
to BSA, whereas their diameters relate linearly to the square root 
of BSA (BSA 0,5 ). It has in fact been suggested that this approach 
can be generalized [3] such that linear measurements should 
be normalized to BSA 0,5 , area measurements should be normal¬ 
ized to BSA, and volume measurements should be normalized to 
BSA 1,5 . In general, fully normalized variables should be dimen¬ 
sionless, and this method indeed results in dimensionless nor¬ 
malized variables because cm/(m 2 ) 0,5 , cm 2 /m 2 and cm 3 /(m 2 ) 15 
all reduce to units of m/m. 

If we explore this option with regard to the relationship of 
AoV versus BSA 0,5 (Figure 5.6), the regression is indeed highly 
linear with a zero intercept, meeting two of the requirements for 
an adequate method of “indexing.” The graph of AoV/BSA 0,5 
versus BSA is shown in Figure 5.7, and there is no signifi¬ 
cant relationship between the two. However, examination of 




Figure 5.7 Graph of the relationship between AVA/BSA 0 5 versus BSA in 
550 normal children. AVA, aortic valve annulus dimension; BSA, body 
surface area; BSA 0 5 = square root of BSA. 


the residuals of the relationship between AoV/BSA 0,5 and BSA 
(Figure 5.8) demonstrates that the data spread still varies as a 
function of BSA, thereby failing to meet the third criterion for 
an adequate method of “indexing.” Besides failing to deal with 
heteroscedasticity, the approach of indexing to fixed (0.5, 1,1.5) 
powers of BSA has not been uniformly successful in fully elimi¬ 
nating residual variance between BSA and certain cardiovascu¬ 
lar structures, such as left ventricular dimension, volume and 
mass [4]. Similarly, the annuli of the tricuspid and mitral valves 
are usually elliptical such that the annulus area indeed relates 
to BSA but the major and minor diameters do not relate to 
BSA 0,5 [3]. 


Z-score methods 

The failure of these simpler methods has resulted in the growing 
dependence of the pediatric community on the use of z-scores , 
also known as normal deviates or standard scores , to adjust 
for the effect of age and/or body size on the size of cardiovas¬ 
cular structures [16]. The z-score of a variable is the position, 
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Figure 5.6 Graph of aortic valve annulus dimension versus the square root 
of body surface area (BSA 05 ) in 550 normal children. 



Figure 5.8 Graph of residuals of the regression shown in Figure 5.7 
(AVA/BSA 0 - 5 versus BSA) in 550 normal children. AVA, aortic valve 
annulus dimension; BSA, body surface area; BSA 0 5 = square root of BSA. 
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expressed in standard deviations, of the observed case relative 
to the mean of the population distribution. For cardiovascular 
structures, the calculation of z-scores is performed relative to 
the distribution of the structure in the normal population in 
order to adjust for the normal relationship to age or body size. 
Again, an example helps to illustrate this approach. For a given 
variable such as AoV the relationship versus BSA must first be 
determined directly in a large population of normal subjects and 
both the mean and standard deviation of the normal distribu¬ 
tion are obtained as functions of BSA. For any new observation, 
the position of the variable within the normal distribution for 
that patients BSA is then determined as the number of stan¬ 
dard deviations from the normal population mean. For a patient 
who has an observed AoV = AoV 0 > the BSA-appropriate mean 
value (AoV n ) and standard deviation (SD N ) of that parameter 
BSA in the normal population are used to calculate the z-score 
as (AoV 0 - AoV n )/SD n . 

Z-scores are normalized variables, which means that a z-score 
of zero represents a value at the normal population mean and a 
z-score of 1 or —1 represents a value that is 1 standard devia¬ 
tion above or below the normal mean, respectively. The inter¬ 
pretation of z-scores is exactly parallel to the use of percentiles 
to express age-adjusted height and weight relative to the normal 
population. In the case of height and weight, calculation of per¬ 
centiles adjusts for the normally expected age-related change in 
height or weight, permitting comparison of subjects at varying 
ages. Although z-scores can be readily converted to percentiles, 
their use is often preferable as they avoid range compression in 
the higher and lower ranges. For example, a z-score of 4 (4 stan¬ 
dard deviations above the normal population mean) has a per¬ 
centile of 99.8, whereas a z-score of 10 (10 standard deviations 
above the population mean) has a percentile of 99.9. At values 
outside of the normal range, it is much easier to appreciate the 
magnitude of abnormality of a structure when it is expressed as a 
z-score. The z-score approach represents the most powerful and 
flexible approach to normalizing cardiovascular parameters for 
the effects of age and BSA and has therefore become the standard 
approach in pediatric cardiology [16]. 

Several caveats concerning the determination of z-scores are 
in order. A number of recent publications have documented 
large differences in the z-score systems that have been published 
and have noted a failure on the part of some of the systems to 
meet criteria for clinical and statistically validity [17]. There are 
several important issues that arise in the determination of valid 
normative z-scores: 

1 Selecting an appropriate population for determination of 
“normal” values is obviously critical, including assurance by 
means other than a “normal” echocardiogram that the patient 
is free of systemic disorders. 

2 The population needs to include an appropriate range for BSA 
and age as well as consideration of other potential demo¬ 
graphic confounders such as sex and race. 

3 The method of calculating BSA must be the method that 
correlates most closely with the size of cardiovascular 


structures and must be the same as that used in the deriva¬ 
tion of the z-scores, a requirement that is often neglected. 
There are a number of published methods for calculating BSA 
and they yield different results, particularly at lower values. 
The formula with the soundest experimental basis is that of 
Haycock et al. [18]. In a systematic analysis of the norma¬ 
tive data at Boston Childrens Hospital, in which we com¬ 
pared the amount of variance of the cardiovascular struc¬ 
tures relative to BSA that could be explained by each of these 
formulas, we found the Haycock formula to have the best 
performance [3]. 

4 The method of measurement must be the same for the nor¬ 
mal population and new cases. For example, it is clear from 
a number of publications that differences between echocar- 
diographic and magnetic resonance imaging values for left 
ventricular volume derived from magnetic resonance imaging 
are systematically larger than those for echocardiography, pre¬ 
cluding use of a common set of normative values [19]. Other 
differences in practice include reliance on M-mode versus 
two-dimensional (2D) left ventricular dimension data, dias¬ 
tolic (the standard in adult labs) versus systolic (the standard 
in pediatric labs) measurement of aortic dimensions, leading- 
edge versus inner-edge to inner-edge measurements, and sev¬ 
eral different algorithms for left ventricular mass and volumes 
that yield different values. 

5 The resulting z-score algorithms need to optimize the qual¬ 
ity of the data fit and nonconstant variance (heteroscedastic- 
ity) must be eliminated. If possible, solutions that have both a 
physiologic justification and statistical validity are preferable 
over those that are based on statistical considerations alone, 
because they are the most likely to be extensible beyond the 
observational cohort. These two issues (physiologic validity 
and heteroscedasticity) are discussed in more detail in the 
following section. 

Choice of normalizing variable 

The selection of which parameter of body size, such as height, 
weight or BSA, is optimal for the purposes of normalizing 
the size of cardiovascular structures has been controversial 
[20,21]. We found that in normal children, BSA performed 
better than height or weight [3]. The controversy concern¬ 
ing which variable is appropriate has arisen primarily in the 
discussion surrounding the correct method of adjusting for 
the effect of body size on left ventricular mass [22,23]. Con¬ 
cern has been expressed that use of BSA as the normaliz¬ 
ing variable can result in underdetection of left ventricular 
hypertrophy in the presence of obesity. Physiologically, adi¬ 
pose tissue is less metabolically active than other tissues and 
therefore requires less blood flow [24], implying that the nor¬ 
mal relationship between BSA and CO could be disrupted in 
the presence of obesity. The recommendation has therefore 
been put forward that left ventricular mass should be adjusted 
for height instead of BSA. However, there are substantial dif¬ 
ferences in lean body mass between individuals independent 
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of adiposity, and obesity is associated with an increase in lean 
body mass as well as adipose tissue. Adjustment for height alone 
ignores these differences. Alternatively, stroke volume and CO 
have been reported to relate more closely to fat-free mass [25], 
and therefore fat-free mass has been suggested as a potential allo- 
metric scaling variable [21]. However, fat-free mass is not gener¬ 
ally measured in clinical practice and normative data relative to 
this variable are not available. Furthermore, although the blood 
flow requirement of adipose tissue is less than lean tissue, adi¬ 
pose tissue is not inert and therefore the impact of adipose tissue 
on cardiac output should not be totally neglected. It is likely that 
some adjustment for the relative amounts of fat-free mass versus 
adipose tissue will provide the most accurate method of incor¬ 
porating body mass into the allometric scaling process. Work in 
this area has been stymied in part because of the absence of an 
accurate, inexpensive, and easily deployed method for measur¬ 
ing adiposity, a technique that would no doubt be of great utility 
in other aspects of medicine as well. 

Heteroscedasticity 

Another caveat concerning the development of z-score sys¬ 
tems is that nonconstant variance with respect to both age and 
body size has been demonstrated for virtually all echocardio- 
graphic measurement. Although the term “heteroscedasticity” 
is unfamiliar to most clinicians, the concept is not. As shown in 
Figures 5.4 and 5.5, the data range increases as the absolute value 
of BSA increases. This phenomenon is one type of heteroscedas¬ 
ticity, and follows the pattern seen with virtually all anatomic 
measurements, where the data spread increases progressively in 
conjunction with increasing values for the independent variable 
(age, height, weight, BSA, etc.). 

Statistical methods for dealing with this phenomenon have 
received considerable attention, as discussed in some detail by 
Abbott and Gutgesell [11]. There are several statistical meth¬ 
ods that can be used to reduce nonconstant variance when con¬ 
structing confidence and prediction intervals. These methods 
include multiple regression techniques [26], variance stabiliz¬ 
ing transformations [11,16,26-28] and weighted least squares 
analysis [29]. Such statistical methods, although improving the 
accuracy of prediction intervals, are invariably ad hoc and lack a 
sound physiologic basis for choosing one method over another. 
In heart growth, data are skewed to the right, and logarithmic 
transformation is probably the most common type of transfor¬ 
mation used in medical research for correcting heteroscedastic¬ 
ity and rightwardly skewed data [11]. For residuals that demon¬ 
strate a reasonably regular relationship to the independent 
variable, the method of Altman [30] has particular appeal of sim¬ 
plicity both in terms of calculation and interpretation. Regard¬ 
less of the method that is selected, the end result must be tested 
to confirm that the final model results in an equal and constant 
distribution around the mean value over the full range of the 
independent variable, and that 96% of all data are included in 
the interval going from -2SD to +2SD. 


Parametric versus statistical derivation 
of z-scores 

The methods described in the foregoing are based on the 
assumption that it is possible to define a continuous paramet¬ 
ric equation that adequately describes the relationship between 
the size of the cardiovascular structure and either age or a mea¬ 
sure of body size over the full range of the independent vari¬ 
able. This approach has the unique advantage of permitting con¬ 
clusions concerning the nature of the physiologic relationship 
between somatic and cardiovascular growth. This is discussed 
in more detail later, but briefly, the fact that the cross-sectional 
areas of the central arteries and cardiac valves are highly cor¬ 
related with BSA, and that BSA is highly correlate with car¬ 
diac output, supports the concept that flow is a primary and 
reproducibly constant determinant of the growth of these struc¬ 
tures. An alternative to this “physiologic” approach that has also 
been pursued is a purely statistical description of the data, which 
permits derivation of z-scores but does not provide any impli¬ 
cations concerning the underlying physiologic mechanisms. 
Perhaps the best known of these approaches is the lambda- 
mu-sigma (LMS) method that has been used to calculate the 
z-scores and percentiles for height and weight data that are used 
in the Centers for Disease Control and Prevention (CDC) and 
World Health Organization growth charts for children [31-34]. 
The LMS method evaluates the population distribution over dis¬ 
crete intervals of the independent variable and then applies a 
smoothing function to the derived ranges to yield a descrip¬ 
tion of the data that is a continuously varying function over 
the range of the independent variable. The complex relation¬ 
ships between height and weight lend themselves well to this 
approach. This technique is most advantageous when the deter¬ 
minates of growth are sufficiently heterogeneous that a single, 
physiologically based relationship that adequately describes the 
data over the full range of the independent variable cannot be 
identified. The other advantage is that the variance of the data 
is determined locally rather than as a global function and non- 
constant variance can be correctly reflected in the confidence 
intervals. 

In some instances, an adequate parametric model can be iden¬ 
tified that fully describes the mean behavior of the population, 
but heteroscedasticity invalidates the resulting confidence inter¬ 
vals. For example, we found that although an exponential growth 
model of the form y = ax b + c fully describes the mean relation¬ 
ship between BSA and left ventricular mass over the full range 
of BSA, it was not possible to identify a method of calculating 
the standard deviation as a continuous function of BSA that 
resulted in confidence intervals that adequately described the 
data at both the upper and lower ends of the BSA range. The LMS 
method overcomes this issue [35], albeit at the cost of eliminat¬ 
ing any physiologic implications for the regression model. Nev¬ 
ertheless, for the explicit purposes of calculating normative data 
ranges, this approach appears to represent the best approach for 
those variables for which an explicit parametric approach fails 
to adequately describe the data. 
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Physiologic principles underlying 
cardiovascular dimensions 

The relation of cardiovascular dimensions and body size can 
be observed empirically and analyzed statistically, as described 
from echocardiographic measurements of cardiac and vascu¬ 
lar dimensions. The relation can also be predicted theoretically 
from one or more basic physical principles or design characteris¬ 
tics. These two approaches can be used for purposes of reciprocal 
verification. That is, a higher level of confidence can be attached 
to conclusions that are achieved through both theoretical and 
empirical methods. We performed such a comprehensive analy¬ 
sis [3] and present the results in brief here. 

The development and maintenance of optimum geometric 
properties of the vascular pathways is essential to provide ade¬ 
quate blood flow over a wide range of body activities, while 
simultaneously avoiding excess hemodynamic stress. Optimized 
design of biological structures as a result of the environmental 
pressure exerted by natural selection is an established principle 
of biology that explains the curvilinear relation of the weight of 
a tree and the size of its branches [36], the relation between the 
diameters of pulmonary bronchi and bronchial air flow [37,38], 
or the shape of eggs [39]. It is believed that the driving principle 
underlying the optimization of vascular dimensions is to mini¬ 
mize the energy required to propel blood in the vascular system 
by optimizing the interrelation between vessel radius and flow 
rates. Theoretical foundations of the principle of minimum work 
[40,41] and theoretical studies of optimality of the vascular sys¬ 
tem [42-47] have been validated by the quantitative studies of 
coronary [48] and cerebral artery dimensions [49]. The theoret¬ 
ical aspects and details of the calculations have been presented 
[42,48,49]. 


The principle of minimum work 

The energy cost of phasic blood flow is determined by two com¬ 
ponents. Viscous energy loss [50,51] is related to friction at 
the vessel-blood interface and decreases with increasing vessel 
radius. This is a geometric relationship related to the fact that the 
volume of contained blood increases as the cube of the radius 
whereas the surface area increases in proportion to the square of 
the radius. Therefore, the proportion of the blood that encoun¬ 
ters a viscous interface decreases as the radius increases, which 
means there is proportionally less resistance to flow in large ves¬ 
sels. The second component of energy loss is due to the oscilla¬ 
tory nature of blood flow in the central vasculature. The oscilla¬ 
tory component of energy loss, related to the need to accelerate 
flow with every beat, increases as the blood column and the ves¬ 
sel radius gets larger and the inertia of the blood increases. The 
optimal vascular dimension is that at which the sum of these 
two energy demands is minimized (Figure 5.9). We estimated 
the viscous energy loss and the inertial energy content of blood 
flow for the aorta and the main pulmonary artery over the typ¬ 
ical range of body size (0.2-1.8 m 2 BSA) and over the range of 
CO encountered during physical activity (from 3.5 L/min/m 2 to 
17.5 L/min/m 2 ) in order to determine the optimal vessel size [3]. 
We found that the size of the aorta that we observed in our nor¬ 
mal population corresponded to the theoretical optimal value in 
terms of energy dissipation for CO up to two times the resting 
CO in infants, increasing to values that were optimal for three 
to four times the resting CO for older children (Figure 5.10). 
Data obtained from athletes and hypertensive subjects indicate 
that cardiac structures adapt to peak levels of pressure and vol¬ 
ume demand. Heart rate response is the primary determinant 
of CO increase with exertion, and infants have an approximate 
twofold magnitude of heart rate reserve, a value that increases to 



(erg/s) because of viscous friction (long-dashed line) is plotted against the radius of the aortic valve (cm). On the same scale, the inertial energy content of 
blood (short-dashed line) and total energy loss calculated as the sum of viscous energy loss and inertial energy content loss (continuous line) are plotted 
for theoretical cardiac outputs of 3.5 L/min (a) and 17.5 L/min (b), representing the theoretical cardiac output at rest and at maximal exercise of a normal 
subject with a body surface area (BSA) of 1 m 2 . The least amount of total energy loss per unit time corresponds to the minimum of the total energy loss 
curve. The corresponding radius for 3.5 L/min flow is 0.45 cm, whereas it is 0.8 cm for 17.5 L/min. These values represent the theoretical range of normal 
optimal aortic valve radius for this BSA. Source: Sluysmans and Colan 2005 [3]. Reproduced with permission from the American Physiologic Society. 
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Figure 5.10 Principle of minimum work: comparison of optimal 
dimensions and observed dimensions of vascular pathways. Comparison of 
the optimal valve and vascular diameters derived from the theoretical 
principle of minimal work and calculated for cardiac output of 1 X 3.5, 

2 X 3.5, 3 X 3.5, 4 X 3.5, and 5 X 3.5 L/min, respectively (thin lines, from 
low to high values) with the mean observed values (thick line) of the 
ascending aorta in normal subjects. The normal mean diameters are 
optimal in terms of energy dissipation for cardiac output equivalent to 
twice the cardiac output at rest in infants and approximately four times the 
cardiac output at rest for older children, corresponding to the progressively 
higher peak activity level and heart rate reserve associated with growth. 
Vascular dimensions appear optimized to accommodate the cardiac output 
associated with peak normal activity Source: Sluysmans and Colan 2005 
[3]. Reproduced with permission from the American Physiologic Society 

three- to fourfold in older children and young adults. Thus the 
difference between observed diameters that are optimal in terms 
of energy dissipation in infants versus children corresponds to 
the expected difference in CO associated with age-appropriate 
physical activity and range of intensity of exertion. 

Adjustment of ventricular size for somatic 
growth 

Both empiric and theoretical approaches have found that cross- 
sectional area of the cardiac valves and vessels relate most closely 
to BSA, and consequently semilunar valve and great vessel diam¬ 
eters relate most closely with BSA 0,5 . Although atrioventricular 
valve areas manifest the same linear relationship to BSA, their 
diameters do not because these valves have a noncircular ori¬ 
fice. However, when this simple paradigm is applied to the size 
of the left ventricle, it fails. Numerous investigations have found 
that left ventricular end-diastolic volume, determined accord¬ 
ing to several different algorithms, related most closely to BSA b 
where mean b = 1.38 (range 1.34-1.4, reviewed in [3]) and our 
empiric observation in this study similarly found that LV vol¬ 
ume varies as a function of BSA 1,35 [3]. The failure of ventricu¬ 
lar volume to follow the same allometric pattern of vascular size, 
which predicts that ventricular volume should relate to BSA 15 , 
was found to relate to the nonlinear decrease in heart rate that is 
seen with an increase in body size. Heart rate is proportional to 


BSA -0,4 in normal human subjects [3]; and in various series eval¬ 
uating different species of mammals with a 1800- to 500,000-fold 
increase of body weight. It is also clear that when factors other 
than BSA influence basal heart rate, the relationship between 
BSA and ventricular size can be expected to change. Two exam¬ 
ples of this are complete heart block and training-induced brady¬ 
cardia, both of which are associated with ventricular volumes 
larger than would be predicted for BSA. Less well-investigated 
and outside the scope of this discussion is whether the normal 
age-related fall in heart rate in adults similarly influences the 
relationship between heart rate and ventricular size, creating a 
need for adjusting ventricular size for either age or heart rate 
independent of BSA. 

Conclusion 

The progress in therapeutic options available to the pediatric 
cardiology community has made it requisite that we iden¬ 
tify meaningful risk and outcome variables for evaluating our 
interventions, which often requires the ability to differentiate 
between the effects of body size and the effects of disease. 
Echo car diographic imaging techniques have made this infor¬ 
mation available on an unprecedented scale, enabling analyses 
that permit both improved understanding of the control mech¬ 
anisms in the growth of cardiovascular structures and the rou¬ 
tine application of normative data to clinical practice. Advances 
in information technology have permitted incorporation of cal¬ 
culation of these normative data into routine laboratory report¬ 
ing. The intersection of these driving forces makes universal 
adoption of the z-score techniques requisite for optimal care 
delivery. 
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Introduction 

Hemodynamics refers to the physiology of blood flow. Although 
neither pressure nor flow can be measured directly by echocar¬ 
diography, their assessment is commonly used in clinical 
echocardiography to evaluate ventricular performance and pres¬ 
sure, shunt lesions, valvar and vascular stenosis, and valvar 
regurgitation. Hemodynamic assessment by echocardiography 
is very useful to diagnose, follow and manage children with con¬ 
genital and acquired heart disorders. In this chapter, the prin¬ 
ciples underlying the clinical use of Doppler echocardiography 
as well as its important limitations are reviewed. Hemodynamic 
measurements to evaluate ventricular systolic and diastolic func¬ 
tion as well as hemodynamic assessment of specific lesions are 
covered in the chapters pertaining to those subjects. 

Table 6.1 lists the abbreviations used in this chapter. 


Blood flow and its assessment by Doppler 
echocardiography 

Blood flow refers to the amount of blood passing a given point 
during a specified length of time and is expressed as units of 
volume per unit of time, for example, liters/minute. Flow veloc¬ 
ity refers to the rate at which the blood changes position, and is 
expressed in distance per unit time, for example, meters/second. 
Laminar flow refers to flow that occurs at a relatively homo¬ 
geneous velocity and direction across the vessel. Acceleration 
refers to the rate of change in flow velocity, expressed as units 
of distance per time squared, for example, meters/second 2 
[1,2]. Blood flow velocity can be measured noninvasively using 
Doppler, but both flow and acceleration must be calculated and 
cannot be directly measured by echocardiography. 

The periodic nature of the cardiac cycle has a number of 
implications for blood flow in the heart and central vasculature. 
The rise in pressure caused by the heart’s contraction generates 
the force that accelerates the blood and generates flow. Because 
of inertial effects, the increase in flow velocity lags behind the 


pressure event. Doppler flow across the mitral valve, with a 
simultaneous pressure recording in the left atrium and ventricle, 
provides a good illustration of this phenomenon (Figure 6.1). 
When pressure in the left ventricle falls below that in the left 
atrium, the pressure difference between the left atrium and ven¬ 
tricle drives flow acceleration into the left ventricle. The flow 
accelerates as long as pressure is higher in the atrium than in the 
ventricle. However, peak velocity actually occurs when the pres¬ 
sure has already equalized in both chambers. When the pres¬ 
sure gradient reverses and becomes lower in the atrium, flow 
decelerates. For a period of time the inertial forces cause blood 
to flow against the pressure difference, from the atrium into the 
ventricle. 

The Doppler insonation angle 

The Doppler insonation angle is the angle between the ultra¬ 
sound beam and the direction of blood flow. To reliably measure 
flow velocity by Doppler the insonation angle should be as nar¬ 
row as possible, that is, the ultrasound beam must be oriented as 
closely as possible to the direction of flow. When the direction of 
flow is not parallel to the insonation angle, the flow velocity will 
be underestimated as a function of the cosine of the insonation 
angle. When the Doppler beam is at 90° to the direction of flow, 
the detected flow velocity is zero and therefore invisible to the 
ultrasound. It is theoretically possible to calculate the true veloc¬ 
ity of flow by correcting for the angle between the ultrasound 
beam and direction of flow. In practice, however, the calcula¬ 
tion is suboptimal, and it is far preferable to align the ultrasound 
beam with the direction of flow. This is facilitated by using color 
Doppler flow to visualize the flow orientation before placing the 
pulsed- or continuous-wave Doppler sample. For clinical prac¬ 
tice, angles of less than 15-20° between the insonation beam and 
blood flow are acceptable. In addition, multiple views should be 
obtained to ensure that the optimal insonation angle and highest 
velocity are captured. 

Blood flow profiles 

Blood flow is calculated as the product of the average velocity 
and cross-sectional area (CSA) of the vessel. If flow was constant, 
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Table 6.1 Symbols and abbreviations for hemodynamic variables and other 
parameters 


2D - two-dimensional 
3D - three-dimensional 
C c - coefficient of contraction 
E - energy 

g - gravitational constant 
h - height 
m - mass 
P- pressure 
p - density of blood 
v- velocity 

AOA - anatomic orifice area 

CSA - cross-sectional area 

CW - continuous wave 

EOA - effective orifice area 

EROA - effective regurgitant orifice area 

LV - left ventricle or left ventricular 

LVOT - left ventricular outflow tract 

MR - mitral regurgitation 

PAH - pulmonary arterial hypertension 

PISA - proximal isovelocity surface area 

PRF - pulse repetition frequency 

PW - pulsed wave 

Qp/Qs - ratio of pulmonary to systemic flow 

RA - right atrium or right atrial 

ROA - regurgitant orifice area 

RF - regurgitant flow 

RV - right ventricle or right ventricular 

TVI - time-velocity integral 



Figure 6.1 The relationship between the mitral inflow velocity and the 
pressure difference between the left atrium (LA) and left ventricle (LV). 
Flow acceleration of the E wave on the mitral inflow Doppler tracing begins 
with the first pressure crossover and corresponds with a period when LV 
pressure is higher than pressure in the LA. Peak velocity of the E wave 
corresponds to the second pressure crossover and the deceleration phase of 
the E wave corresponds to flow against the pressure gradient when LA 
pressure is higher than LV. This pattern is repeated during the A wave. 


laminar, and homogenous across the vessel this would be rela¬ 
tively easy to do. However, in the cardiovascular system, flow is 
pulsatile and the flow velocity varies across the cross-section of 
the vessel or orifice. The distribution of flow velocities across the 
vessel is called the flow velocity profile. In a straight, rigid tube 
with steady laminar flow, flow velocities are highest in the cen¬ 
ter and lowest in the periphery. This yields a parabolic velocity 
profile across the vessel with the highest velocities in the cen¬ 
ter of the spectral Doppler envelope and the lowest velocities 
at its edges. In contrast, flow entering a tube from a reservoir 
has a relatively flat velocity profile at the vessel inlet, that is, 
all velocities are similar across the vessel cross-sectional area. 
The flat flow velocity profile at the inlet of the vessel gradu¬ 
ally becomes parabolic as flow propagates through the vessel. 
Because the velocity profile at the vessel inlet is flat, spectral 
Doppler measurement of the peak velocity at the vessel inlet is 
more representative of the average velocity The transition from 
a flat to parabolic velocity profile occurs because of the viscous 
drag between the vessel wall and the adjacent fluid with con¬ 
comitant acceleration of flow in the center of the vessel. Con¬ 
sequently, when the velocity profile is parabolic, the maximum 
velocity significantly overestimates the mean velocity, which is 
the parameter needed to calculate flow. For example, in the 
branch pulmonary arteries, the flow velocity profile is parabolic 
and a three-dimensional assessment would be required to derive 
the true average velocity for flow calculations [1,2]. Likewise, 
a small Doppler sample volume that captures local velocities 
may not represent the average velocity across the entire cross- 
sectional area of the vessel if it is placed either in a region of local 
turbulence or in a region of local high-velocity laminar flow. One 
can picture this as a river with fast flow in the center and slow 
flow at the edges. Sampling the flow in one region will not reflect 
the average velocity across the entire width of the river. Likewise 
sampling flow velocity in a region where the water is turbulent 
due to rocks does not represent the average velocity of the river 
across its width. 

Other factors also influence flow profiles. At vascular bifur¬ 
cations, such as the carotid artery bifurcation [3], the greater 
central velocity in the carotid artery results in a skewed velocity 
profile in the internal carotid artery with greater velocity flow 
adjacent to the bifurcation. In curved vessels, such as the aortic 
arch, the flow profile in the curved segment depends on the flow 
profile at the entrance to the curve. If parabolic, the maximum 
velocity is shifted toward the outer wall with flow velocity slow¬ 
ing along the inner wall and vortex development or even flow 
reversal [4] (Video 6.1). In contrast, if the flow profile is flat at 
the entrance to the curve, centrifugal forces produce higher pres¬ 
sure (lower velocities) at the outer aspect of the curve, and lower 
pressures (higher velocities) at the inner curvature of the vessel. 
For example, the flow profile in the ascending aorta is generally 
flat (velocities are equal across the whole cross-sectional area), 
and therefore the flow velocities are generally highest along the 
inner curvature of the aortic arch. 
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Figure 6.2 Left atrioventricular valve regurgitation on an apical 3-chamber 
(long-axis) view with color flow Doppler in a patient after repair of 
atrioventricular septal defect. Note the eccentric regurgitant jet going away 
from the transducer (blue) which then tracks along the left atrial wall 
(arrows) due to the Coanda effect. 

The Coanda effect 

The Coanda effect is a specific flow profile where the tendency 
of a stream of fluid is to follow a convex surface, rather than a 
straight line. In the heart, the Coanda effect causes jets to adhere 
to the chamber or vessel wall and can significantly affect Doppler 
assessment of valvar regurgitation and shunts. Examples include 
aortic regurgitation jets that track along the valve cusp or the 
ventricular septal surface and mitral regurgitation jets that hug 
the atrial wall (Figure 6.2; Video 6.2). The Coanda effect is actu¬ 
ally a manifestation of the Bernoulli principle, which is described 
in further detail later. The larger decrease in flow velocity along 
the inner surface of the jet, away from the vessel wall, increases 
the pressure relative to the outer surface of the jet where veloc¬ 
ities are higher, thereby pushing the jet toward the vessel wall. 
Because of the Coanda effect, and in general because of eccen¬ 
tric jets, multiple echocardiographic views should be obtained 
in order to achieve the narrowest insonation angle between the 
ultrasound beam and direction of flow and hence capture the 
highest velocity. 

Characteristics of flow through a narrow orifice, 
the vena contracta, and the phenomenon of 
pressure recovery 

When flow approaches a narrowing, the flow streamlines con¬ 
verge to enter the orifice. This pushes the streamlines close 


together so that the diameter of the jet passing through the ori¬ 
fice is smaller than the size of the anatomical orifice itself [known 
as the anatomic orifice area (AOA)]. The narrowest region of 
the jet at or immediately after it emerges from the orifice is called 
the vena contracta. Because the vena contracta is the smallest 
CSA through which the flow passes it is also known as the effec¬ 
tive orifice area (EOA). The flow velocity is highest and pressure 
lowest at this point. It is the EOA and not the AOA that deter¬ 
mines the hemodynamic importance of a narrowing. Therefore, 
the hemodynamic effect of a stenosis can be significantly greater 
than would be predicted on the basis of the actual orifice size. 
The size of the vena contracta is relatively independent of flow 
rate and driving pressure for a fixed orifice [5]. The vena con¬ 
tracta is measured from color Doppler [6-8], correlates closely 
with the actual EOA [9] and severity of valve regurgitation [10], 
and is therefore used to judge the severity of valvar regurgita¬ 
tion. Downstream of the vena contracta, the streamlines begin 
to diverge at the periphery of the jet, forming a central core of 
laminar flow that persists for a variable distance (Figure 6.3). 



Figure 6.3 Color flow Doppler of shunting through a ventricular septal 
defect (VSD) depicting flow characteristics of a jet. Proximal to the VSD in 
the left ventricle (LV), flow is seen converging onto the VSD orifice in 
concentric semicircles of increasing velocity [proximal isovelocity surface 
acceleration (PISA)] (asterisks). The jet streamlines form the narrowest 
diameter at or just beyond the anatomical orifice of the VSD - at the vena 
contracta (double-headed arrow). Distal to the VSD orifice, the jet is seen 
with the highest velocity at its center (long arrow) and lower velocities at its 
edges (short arrows). More distally the flow re-laminarizes and can be seen 
as the solid orange color at the edge of the sample box in the right ventricle 
(RV). 
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Streamlines 



Jet laminar core 


Figure 6.4 Flow through an orifice in a flat surface. The flow convergence 
area is characterized by nonturbulent flow that follows streamlines 
converging in a symmetric pattern. The inertial forces of the peripheral 
streamlines are directed toward the center of the orifice and exert forces in 
a direction that narrows the jet to a minimum cross-sectional area at the 
level of the vena contracta; the streamlines then diverge in the jet laminar 
core. The parajet area is characterized by turbulent flow eddies. 

The high-velocity edges of the central core shear against the stag¬ 
nant flow around the central jet, creating eddies that gradually 
engulf the central core and the surrounding area (Figure 6.4). 
A common error is to assume that aliasing of the color Doppler 
signal distal to the orifice implies turbulence when in reality it 
is the turbulent flow of the parajet region creating the aliasing, 
not high flow velocity. More distally in the vessel, downstream 
from the stenotic orifice, the phenomenon of pressure recovery 
becomes important. Let us dwell on this for a moment as pres¬ 
sure recovery impacts Doppler measurements. The Bernoulli 
equation, which is subsequently discussed, implies that the con¬ 
version of pressure to velocity is reversible, and that velocity can 
be converted to pressure. When blood flows across a narrow 
orifice, velocity rises and pressure falls, with the lowest pres¬ 
sure associated with the narrowest portion of the jet at the vena 
contracta. Distal to this point, as the flow stream widens and 
the flow velocity diminishes, the pressure rises again, a phe¬ 
nomenon known as pressure recovery [11]. In essence, pressure 
recovery occurs because not all kinetic energy across the steno¬ 
sis is dissipated as turbulence, and some of the flow becomes 
laminar again. However, pressure recovery is always incomplete 
because some energy is lost due to friction along the bound¬ 
aries of the outflow jet (Figure 6.5). The amount of energy lost 
in this transition depends on the shape of the outlet chamber 
and can be clinically significant. For example, in aortic stenosis 



Figure 6.5 The Venturi tube (after Giovanni Venturi, 1746-1822) is a 
cylindrical pipe with a streamlined constriction designed to minimize 
energy losses in the fluid flowing through it. The pressure drop between the 
inlet and area of greatest constriction (AP x ) can be used to calculate flow 
and is the basis of the Venturi meter. The shape of the outlet is optimized to 
avoid turbulence. With optimal geometry of the tube, pressure recovery can 
lead to a net loss of pressure as small as 10% (AP 2 ) if turbulent flow is 
avoided and the only energy loss is due to the viscous effects at the walls of 
the chamber. A l and A 2 are the initial and minimum cross-sectional areas, 
Vj and v 2 are the initial and final velocities, and and P 2 are the initial 
and final pressures. 

there is an inverse relationship between the size of the aortic root 
(which is often dilated) and the amount of pressure recovery dis¬ 
tal to the stenotic aortic valve [12]. The larger the aortic root, the 
less the pressure recovery, and the higher the gradient across the 
valve. Similarly, pressure recovery is less in eccentric jets [12] 
(Video 6.1) Therefore, for any given orifice size, the functional 
severity of stenosis is greater in eccentric jets, both because of a 
greater pressure loss (smaller effective orifice area) and because 
of diminished pressure recovery. 

When a Doppler sample is placed at, or immediately distal 
to the vena contracta, pressure recovery has not yet occurred 
and even though the measured gradient is true, it will overes¬ 
timate the net gradient. The more clinically relevant parameter 
is the actual pressure in the vessel that incorporates the recov¬ 
ered pressure. Hence, due to pressure recovery the net gradient 
from the left ventricle to the aorta will be lower than that mea¬ 
sured at the vena contracta, where pressure recovery has not yet 
occurred. Accordingly the left ventricular pressure will not be 
as elevated as would be expected from the measured Doppler 
gradient. Therefore, a large gradient measured at the vena con¬ 
tracta of the aortic valve may not be hemodynamically impor¬ 
tant if the left ventricular systolic pressure is not significantly 
elevated. Other factors can influence the prediction of stenosis 
severity based on the vena contracta. Gilon et al. [13] showed 
that doming stenotic aortic valves have a much smaller impact 
on the reduction in valve area at the level of the vena contracta 
than flat valves. 


Quantification of blood flow and the 
measurement of cardiac output 

Calculation of cardiac output, its change over time and its 
response to intervention is potentially useful, especially in 
critically ill patients. There are two methods commonly used 
to measure blood flow and specifically stroke volume by 
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Figure 6.6 Calculation of cardiac output using 
volumetry. In this example, three-dimensional 
(3D) echocardiography is used to calculate the 
left ventricular end-diastolic (ED) and 
end-systolic (ES) volumes. These can also be 
obtained from 2D or M-mode techniques. A 
3D full-volume acquisition of the left ventricle 
from the apical view is automatically sectioned 
into a 4-, 3- and 2-chamber view and 
ventricular volumes calculated. In the absence 
of valvar regurgitation or intracardiac shunts, 
the difference between the end-diastolic and 
end-systolic volumes is the stroke volume, 
which is 38.2 mL in this example. The stroke 
volume times the heart rate (94 beats per 
minute in this example) yields the cardiac 
output (3.6 L/min in this example). The 
cardiac output can be indexed to body surface 
area to yield the cardiac index. 



echocardiography. The first uses M-mode, two-dimensional 
(2D) or three-dimensional (3D) echocardiography to calculate 
the change in chamber volume between end-diastole and end- 
systole to yield the stroke volume (Figure 6.6). The stroke vol¬ 
ume multiplied by heart rate yields cardiac output, which can 
be indexed to body surface area to yield cardiac index. Alter¬ 
natively, as previously mentioned, blood flow can be quantified 
as the product of the average flow velocity and the CSA of the 
vessel or structure. The flow velocity is obtained by Doppler and 
the CSA is obtained by M-mode, 2D or 3D echocardiography. As 
previously mentioned, it is the average velocity that is required 
to calculate flow. If blood flow is laminar and the flow velocity 
profile flat, then the average velocity is relatively easy to calcu¬ 
late. However, because blood flow is pulsatile and because the 
velocity flow profile is often parabolic, all velocities within the 
Doppler spectral envelope must be summed and integrated to 
yield the average velocity. Integrating all flow velocities across 
the Doppler spectral envelope is called the time velocity integral 
(TVI). The integration of velocity yields the stroke distance, that 
is, the distance the column of blood has moved in one heart¬ 
beat. The TVI multiplied by the CSA of the vessel or valve yields 
the flow (TVI X CSA). Although this sounds complex, in prac¬ 
tice this is relatively easy to do with digital echocardiography 
A Doppler sample is placed at the structure of interest [e.g., left 
ventricular outflow tract (LVOT)], a pulsed spectral Doppler is 
acquired and the average flow velocity across the CSA is calcu¬ 
lated by integrating all the velocities encapsulated in the Doppler 
spectral display. This is achieved by digitally tracing the Doppler 
spectral envelope (Figure 6.7c). To simplify the calculation, the 
CSA is usually calculated as a circle (nr 2 ). Cardiac output is most 
commonly measured at the aortic valve as the normal aortic 
valve annulus diameter can be measured with good accuracy 
and reproducibility, and the true CSA is relatively close to being 


a circle (Figure 6.7a). Pulsed-wave (PW) Doppler rather than 
continuous-wave (CW) Doppler should be used to ensure that 
the velocity sample is obtained in the LVOT or at the annulus 
where the flow profile is relatively flat (Figure 6.7c). Otherwise, 
more distal flow acceleration may be captured by the CW sample 
resulting in spuriously high flow velocities and erroneously high 
calculation of the cardiac output. The Doppler sample is placed 
in the LVOT a few millimeters below the valve in an apical 5- 
chamber, 3-chamber, or subcostal view. The aortic valve diame¬ 
ter can be measured from these positions, although usually the 
parasternal long-axis view is used (Figure 6.7b). Because the aor¬ 
tic annulus diameter does not vary much through the cardiac 
cycle, the timing of the measurement is not crucial, although 
is usually performed in mid-systole when the aortic leaflets are 
open and the attachment of the valve cusps to the vessel wall (the 
hinge points) can be discerned (Figure 6.7b). The flow across the 
aortic valve (the product of CSA and TVI) in one cardiac cycle 
yields the stroke volume, which multiplied by heart rate provides 
the cardiac output. The cardiac output can be further indexed to 
body surface area to yield the cardiac index. 

In theory, flow at other locations can be sampled in a similar 
fashion, but measurements are less accurate than at the aortic 
valve. For example, when the pulmonary valve annulus can be 
seen clearly from subcostal or parasternal short-axis views, right 
ventricular (RV) stroke volume and hence pulmonary flow can 
be calculated by measuring the pulmonary annulus and by plac¬ 
ing a PW Doppler sample in the RV outflow tract. Calculation 
of pulmonary flow in addition to aortic flow should permit cal¬ 
culation of the pulmonary versus aortic flow ratio (Qp/Qs) to 
evaluate the magnitude of intracardiac shunts. In practice, mea¬ 
surement of the pulmonary valve area is subject to error due 
to poorer visualization of the pulmonary valve, which leads to 
inaccurate measurements of the pulmonary annulus diameter. 
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Figure 6.7 Computation of cardiac output by Doppler. The cross-section of the aortic valve is approximated as a circle (a). The cross-sectional area is 
computed using the diameter of the valve measured from the parasternal long-axis view (b). The time velocity integral (TVI) is computed by tracing the 
spectral Doppler envelope from a pulsed-wave Doppler placed in the left ventricular outflow tract in the apical 5-chamber view (c). Tracing the spectral 
Doppler integrates (averages) all velocities during ejection to yield the distance the blood has been displaced over the cardiac cycle. The TVI times the 
aortic cross-sectional area yields the stroke volume, which multiplied by the heart rate yields cardiac output. 


Because the annulus diameter is squared to calculate the CSA, 
a small measurement error of the annulus diameter will result 
in a large error when calculating the CSA. This error is further 
amplified if the measurement is used to calculate a ratio such 
as Qp/Qs. Consequently, relatively small measurement errors 


by echocardiography can have a large impact on cardiac out¬ 
put measurements or derived ratios such as the Qp/Qs. Because 
much of the error stems from inaccuracies in measurement of 
the valve diameter some authors have suggested using simplifi¬ 
cations of this principle to approximate the Qp/Qs using just the 
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ratio of the peak velocities and ratio of the annulus diameters of 
the pulmonary and aortic valves as follows [14]: 

Qp/Qs ~ [PkVp A /PkV A0 ] X [D pa /D ao ] 2 (6.1) 

In practice, due to the inaccuracies of calculating Qp/Qs 
by echocardiography this measurement is not routinely used. 
Rather, considerations such as the patients clinical status and 
left-sided chamber enlargement determine clinical decisions 
such as the need to close a ventricular septal defect. Similarly, 
measurement of flow across the atrioventricular valves would be 
useful to calculate the severity of valve regurgitation. However, 
measurement accuracy is limited by the elliptical shape of the 
atrioventricular valve annuli, the change in their shape over the 
cardiac cycle, and the large magnitude of atrioventricular valve 
motion relative to the ultrasound transducer. 

Because a large source of error in calculating blood 
flow/stroke volume by echocardiography is the calculation 
of the CSA, some have proposed using the TVI alone to assess 
relative changes in cardiac output. If we assume that the CSA of 
the aortic or pulmonary valves, for example, remain relatively 
constant over the cardiac cycle and relatively constant from one 
examination to the next over short periods of time, then any 
change in the TVI should reflect a change in cardiac output. 
This method has been used in a number of clinical situations. 
For example, in pulmonary hypertension, assessment of the 
TVI serially over time can reflect changes in cardiac output. 
This imperfect measure of RV performance has been shown in 
some studies to correlate with patient outcomes in pulmonary 
arterial hypertension (PAH) [15]. The change in TVI as a mea¬ 
sure of change in cardiac output can also be used to optimize 
pacemaker settings during cardiac resynchronization therapy. 
Multiple measurements of the TVI at different pacemaker set¬ 
tings are made at the same session in a relatively short period of 
time. The change in TVI between settings allows evaluation of 
which pacemaker setting yields the highest cardiac output [16]. 
One should be cognizant, however, of the important factors 
influencing TVI. Just as stroke volume is highly influenced by 
preload and afterload, TVI is similarly influenced by loading 
conditions. Likewise, cardiac output is the product of heart 
rate and stroke volume. Therefore, a change in TVI when heart 
rate has changed may not in itself reflect a change in cardiac 
output. 

Estimation of pressure gradients and the 
Bernoulli equation 

One of the key and most common hemodynamic assessments 
in clinical practice is the measurement of pressure gradients 
across valves or vessels. Common examples in pediatric cardiol¬ 
ogy include measurement of pressure gradients across stenotic 
valves (e.g., aortic or pulmonary valve stenosis), assessment of 
pressure gradients across a ventricular septal defect to determine 
whether it is restrictive to pressure, and measurement of the 
pressure gradient from the RV to the right atrium (RA) across 



Figure 6.8 Spectral Doppler display of a continuous-wave Doppler sample 
of tricuspid regurgitation in a child with severe pulmonary arterial 
hypertension. The TR velocity is close to 5 m/s translating to a right 
ventricle to right atrial gradient of nearly 100 mmHg using the modified 
Bernoulli equation. To obtain the absolute right ventricular pressure, the 
right atrial pressure would have to be added to this gradient. Note the 
relatively dense and triangular configuration of the Doppler spectral 
envelope suggesting a significant volume of regurgitation. Also apparent is 
the prolonged duration of systole (the duration of the tricuspid 
regurgitation) versus the shortened duration of diastole (the time between 
two regurgitant jets) which has been found to correlate with outcomes in 
children with pulmonary hypertension [42]. 


the tricuspid valve to assess RV systolic pressures (Figure 6.8). 
Measurement of pressure gradients by echocardiography is done 
by measuring flow velocities, which are then translated into pres¬ 
sure gradients using the Bernoulli principle. It is important to 
remember, regardless of the particular example, that echocar¬ 
diography cannot measure absolute pressures and that only the 
difference in pressures across a structure (i.e., the pressure gra¬ 
dient) is measured. For example, if the gradient across an atrial 
septal defect is low, this does not automatically imply that left 
atrial pressure is low, as RA pressure may be elevated. The abso¬ 
lute pressures in the left and right atria remain unknown and can 
only be estimated by echocardiography using indirect methods 
which will not be discussed here. 

The Bernoulli equation is based on the principle of con¬ 
servation of energy, that is, the total amount of energy at all 
points within a closed system must be constant. Applied to 
blood flow this means that if a valve or vessel area decreases, 
the flow velocity must increase. Again, think of the example 
of a river. If the river narrows, the flow quickens to maintain 
the same flow volume. Although in clinical echocardiography 
we almost always use a condensed, boiled-down version of the 
full Bernoulli equation, it is worthwhile discussing the elements 
that make up the full equation as they explain some of the com¬ 
mon pitfalls encountered when using the simplified version. The 
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Figure 6.9 The complete Bernoulli equation. P = pressure, p = fluid 
density, v = velocity, t = time, s = distance, and R([i,v) is shear force 
expressed as a function of velocity (v) and position (p). 

full Bernoulli equation incorporates three elements: (i) convec¬ 
tive (kinetic) acceleration; (ii) flow acceleration; and (iii) viscous 
friction (Figure 6.9). Convective (kinetic) acceleration describes 
the increase in flow velocity between two points. The velocities 
at these two points are the v 1 (proximal) and v 2 (distal) in the 
Bernoulli equation. Acceleration of any mass requires force, and 
in the circulation, the force accelerating blood is largely supplied 
by contraction of the myocardium. The direct “force” accelerat¬ 
ing blood through a narrowing is provided by the pressure drop 
across the narrowing. A constriction in a blood vessel causes 
acceleration of blood flow through the narrowing and a change 
in its kinetic energy proportional to the square of the velocity. 
The increase in kinetic energy is associated with a concomitant 
decrease in potential energy This component of the Bernoulli 
equation is the one most important to clinicians and is encapsu¬ 
lated in the simplified Bernoulli equation used in clinical prac¬ 
tice. The second component in the complete Bernoulli equa¬ 
tion is flow acceleration. When flow is pulsatile the flow veloc¬ 
ity at any given location will increase and decrease with each 
heartbeat, with some energy loss due to viscous friction. How¬ 
ever, when matched for phase, the velocity at a location varies 
little from beat to beat, and this component of the Bernoulli 
equation is disregarded in the modified version used in clinical 
practice. The third component of the complete Bernoulli equa¬ 
tion relates to energy lost due to viscous forces. Viscous friction 
is the resistance that slows blood flow due to friction between 
blood layers and between blood and the vessel wall (imagine 
squeezing through a narrow tunnel). Although the true magni¬ 
tude of viscous losses is difficult to estimate, when the velocity 
is high enough, or the structure large enough, the viscous losses 
may be neglected and are dropped from the modified Bernoulli 
equation. When estimating gradients across valves for example, 
viscous friction can be neglected. In contrast, the viscous fric¬ 
tion component can be important in small or stenotic vessels. 
Therefore, the simplified Bernoulli equation does not perform 
well when calculating gradients across a small vessel such as a 
Blalock-Taussig shunt. 

The condensed and simplified Bernoulli equation, 

A P = 4v 2 2 (6.2) 

most commonly used in clinical practice, therefore takes only 
the first component of the full equation into account. The “4” 


is a rounded-up conversion factor that converts velocity into 
pressure units of mmHg. It is also important to note that the 
simplified equation only includes v 2 or the blood flow velocity 
distal to the narrowing. For large pressure differences, the ini¬ 
tial velocity (v x ) is small compared with the distal velocity (v 2 ), 
and can be ignored. However, when v x is relatively large com¬ 
pared to the distal velocity (i.e., when it is 2 m/s or more) it 
should be accounted for and the modified equation should be 
(Figure 6.10): 

A P = 4(v 2 2 - v t 2 ) (6.3) 

Likewise, the simplified Bernoulli equation cannot be used to 
quantify intraventricular flow or flow across unobstructed left 
ventricular inflow or outflow tracts [17]. The Bernoulli equa¬ 
tion performs best across discrete stenoses. When there is a long- 
segment narrowing, the simplified Bernoulli equation will over¬ 
estimate the gradient. This can be commonly seen, for example, 
when assessing gradients across long-segment narrowing in the 
aortic isthmus (i.e., diffuse aortic coarctation). Other technical 
factors can be important sources of error. Beyond the alignment 
of the ultrasound beam with the direction of the blood flow, the 
image quality will influence the spectral Doppler measurement 
and hence the estimation of peak velocity A common example in 
clinical practice is underestimating the peak velocity and hence 
RV systolic pressure when the tricuspid regurgitation spectral 
envelope is incomplete. Careful adjustment of gain and reject 
settings, as well as sampling the jet from multiple views to ensure 
the highest velocity is paramount. Contrast with agitated saline 
can be used to enhance the spectral display intensity although 
this necessitates placement of an intravenous catheter. One must 
also be cognizant of where the Doppler sample is placed and 
if there is more than one jet, which jet is being sampled. For 
example, when trying to sample the LVOT in hypertrophic 
cardiomyopathy the mitral regurgitation jet, which is in close 
proximity must be avoided. Similarly a jet across a ventricu¬ 
lar septal defect can contaminate the estimation of RV systolic 
pressure using the tricuspid regurgitation jet. This can also be a 
problem when trying to determine the pressure gradient across 
RV muscle bundles associated with a ventricular septal defect 
where a high-velocity ventricular septal defect jet can contami¬ 
nate the flow acceleration across the closely related muscle bun¬ 
dles (Video 6.3). 

The configuration of the spectral jet can also provide clues not 
only on the severity of the obstruction in terms of peak velocity 
but also to its mechanism. Dynamic muscular obstructions often 
have a curved, dagger-like profile. Sometimes, multiple contours 
can be seen simultaneously pointing to multilevel obstruction. 
This is commonly seen in multilevel right ventricular obstruc¬ 
tion in unrepaired tetralogy of Fallot (Figure 6.11; Videos 6.4 
and 6.5). Gradients should be obtained at a stable heart rate. The 
presence of premature beats affects filling and hence stroke vol¬ 
ume and can lead to errors in assessment of the true gradient 
(Figure 6.12a,b). 
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Figure 6.10 Two-dimensional echocardiography (left panel) with corresponding color flow Doppler (right panel) of the branch pulmonary arteries in a 
patient with tetralogy of Fallot. Note the small branch pulmonary arteries. Calculation of pressure gradients into the branches is limited by a number of 
factors. Flow profiles are not flat at the entrance to the branch pulmonary arteries (see text for details). In addition there is flow acceleration at the entrance 
to the vessel because of more proximal right ventricular outflow tract obstruction. Therefore, the proximal flow velocity cannot be disregarded and V 1 
would have to be incorporated into the modified Bernoulli equation. Also note the suboptimal Doppler insonation angle to the right pulmonary artery 
which may lead to significant underestimation of the true gradient. 



Figure 6.11 Right ventricular outflow tract continuous-wave Doppler in an infant with unrepaired tetralogy of Fallot. A double contour beneath the 
baseline is readily seen in the spectral display. Infundibular stenosis yields the “dagger shape” contour typical of dynamic muscular obstruction 
(arrowheads) while fixed obstruction at the pulmonary valve level creates a triangular contour (long arrows). Also noted in this patient is antegrade flow at 
end-diastole, after the ECG P wave, consistent with restrictive right ventricular physiology (small arrows). 
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Figure 6.12 Continuous-wave Doppler obtained 
from the suprasternal notch position in a child 
with aortic valve stenosis (a). The spectral 
envelope is traced to yield peak and mean 
velocities, which are transformed to peak and 
mean pressure gradients using the modified 
Bernoulli equation. In this example, the complex 
following a premature beat (arrows) is traced. 
This can lead to overestimation of the true 
gradient as following the premature beat there is 
a compensatory pause which allows more 
ventricular filling, a larger stroke volume and 
hence a larger gradient on the subsequent 
ejection. By the same token, it can be seen that 
the premature beat causes incomplete 
ventricular filling and consequently lower stroke 
volume (TVI) and lower velocity across the 
valve. Therefore Doppler assessment of 
gradients across stenoses should be obtained 
under stable conditions and during a regular 
heart rhythm as demonstrated in (b). 


Differences in catheter and Doppler measured 
pressure gradients 

Calculation of pressure differences based on Doppler measure¬ 
ment of flow velocities has become a staple of patient care. How¬ 
ever, the conversion of velocity to pressure using the modified 
Bernoulli equation is imperfect. Likewise, there are several fac¬ 
tors that contribute to differences in the pressure gradient mea¬ 
sured invasively in the catheterization laboratory versus those 
assessed noninvasively by Doppler. It is worthwhile to consider 
these briefly. 

1 Velocity measurement error. As previously discussed, 
Doppler measures only the component of velocity in the 


direction of the ultrasound beam. Therefore, an off-angle 
Doppler sample results in underestimation of the true 
velocity. 

2 Pressure measurement error in the catheterization lab. 
Inadequately calibrated pressure transducers, disturbance of 
the flow by the catheter itself, and measurement of stag¬ 
nation pressure can each lead to pressure measurement 
errors at cardiac catheterization and therefore differences 
between echocardiographic and catheter measurements (even 
the “gold-standard” of catheter measurements is imperfect!). 

3 Physiologic differences in the patient state between stud¬ 
ies. The interval between the echocardiographic study and 
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catheterization as well as differences in the hemodynamic 
state of a fasting, sedated patient in the catheterization labora¬ 
tory compared with the awake and sometimes uncooperative 
child having an echocardiogram will influence measurements 
of gradients. Doppler gradients in the awake child are usually 
higher than in the sedated child in the catheterization lab. 

4 Peak-to-peak versus peak pressure differences. Catheter cal¬ 
culations are generally based on the peak pressure difference 
between two chambers even though these occur at different 
times. Doppler measurements, on the other hand, estimate the 
peak instantaneous pressure drop. These values are different, 
and this becomes important predominantly in mild stenosis. 

5 Pressure recovery. The phenomenon of pressure recovery has 
been discussed previously. Because Doppler techniques do 
not detect pressure recovery, they may overestimate pressure 
gradients [18]. In contrast, a catheter positioned downstream 
from a stenotic valve measures recovered pressure, but mea¬ 
suring the maximum pressure drop within the vena contracta 
is generally not possible [19]. Similarly, if the catheter is posi¬ 
tioned close to the vena contracta, the pressure gradient may 
be overestimated as pressure recovery, which can continue for 
5-10 cm downstream, has not fully occurred. Also, smaller 
peak velocities are associated with a greater degree of pres¬ 
sure recovery, resulting in greater relative differences between 
catheter and Doppler estimates of pressure differences even 
though the absolute differences tend to be small. 

6 Inaccuracies introduced by use of the simplified Bernoulli 
equation. As previously discussed, use of the simplified 
Bernoulli equation assumes that the proximal velocity is neg¬ 
ligible and that viscous effects are small. Tunnel-like stenoses, 
eccentric jets, and prosthetic valves are all subject to greater 
viscous effects and the simplified Bernoulli equation may be 
inaccurate in these situations. 

Although it is theoretically possible to estimate the catheter 
peak-to-peak gradient based on the peak instantaneous echocar- 
diographic Doppler gradient using regression equations derived 
from comparative studies [20], in practice most laboratories do 
not do so. 

Assessment of valvar stenosis and regurgitation 
in clinical practice 

Valve stenosis imposes a pressure load on the pumping cham¬ 
ber. The severity of this load is proportional to the magnitude of 
the stenosis and therefore quantifying valvar stenosis is impor¬ 
tant. In valvar regurgitation, the regurgitant volume influences 
the ventricular response and is the parameter of interest. In both 
valvar stenosis and regurgitation, the ventricular response to the 
abnormal loading is the key parameter that determines clinical 
decision making and is therefore an integral part of the hemo¬ 
dynamic assessment. Consequently, assessment of ventricular 
hypertrophy, enlargement, and function are more important in 
aortic stenosis and regurgitation than quantitative assessment 
of the stenosis or regurgitant volume themselves. Nonetheless, 
in asymptomatic children with preserved ventricular function 


Table 6.2 Assessment of native valvar stenosis and regurgitation 


• In children valve gradients rather than valve areas are generally used 
to describe the hemodynamic severity of stenosis. 

• Physiologic and methodologic differences account for differences in 
catheter versus Doppler assessment of stenosis. 

• The peak pressure gradient is generally used to assess ventricular 
outflow obstruction, whereas mean gradient is generally usually 
used to assess ventricular inflow obstruction. 

• Specifically in aortic stenosis, the mean Doppler instantaneous 
gradient empirically correlates better with the catheter measured 
peak-to-peak gradient. 

• Multiple parameters should be used to judge the severity of 
regurgitant lesions as use of any individual parameter may be 
unreliable. These include M-mode, 2D or 3D measurements as well 
as Doppler parameters of the vena contracta, the regurgitant jet 
area and flow convergence; among others. 

• Technical factors such as Nyquist limit and gain are crucial to correct 
assessment of valvar regurgitation. 

• In the asymptomatic patient, the ventricular response to stenosis or 
regurgitation remains the single most important factor in assessment 
of valvar hemodynamic lesions. 


and dimensions, the severity of stenosis is used to decide on 
the timing of intervention, both for the aortic and pulmonary 
valves. Although Doppler echocardiography is a valuable tool to 
assess valvar stenosis and regurgitation, it is important to recog¬ 
nize the many limitations to these methods. It is equally impor¬ 
tant to remember that sometimes simple clues can provide use¬ 
ful information on the severity of a hemodynamic lesion. For 
example, a pulsatile abdominal aorta on 2D imaging suggests 
that more proximal arch obstruction or aortic coarctation is not 
severe. Likewise, flow reversal in the abdominal aorta suggests 
that aortic regurgitation is at least of moderate severity or that 
flow across a patent arterial duct is substantial. The key points 
in the assessment of native valvar stenosis and regurgitation are 
summarized in Table 6.2. 

Assessment of native valvar stenosis 

There are several Doppler echocardiography methods to judge 
the severity of valvar stenosis. One of these is to measure the 
stenotic valve area relative to body surface area. This theoreti¬ 
cally can be achieved by direct planimetry of the valve area from 
2D images and perhaps more accurately by 3D echocardiogra¬ 
phy [21]. However, direct measurement of the AOA is often not 
possible or reliable. Moreover, even if the actual AOA could be 
accurately measured, this would still underestimate the severity 
of the stenosis, because, as previously detailed, the effective ori¬ 
fice area and not the anatomic orifice area determines the sever¬ 
ity of the stenosis. Therefore, assessment of valvar stenosis using 
the CSA area has largely relied on measurement of blood flow 
using the continuity equation rather than on direct measure¬ 
ment. The continuity equation is commonly used in adult cardi¬ 
ology, but is less commonly used in pediatric laboratories for rea¬ 
sons that will be subsequently detailed. The continuity equation 
is based on the dictum that if there are no intracardiac shunts or 
valvar regurgitation, flow across all four cardiac valves is equal 
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and, specifically, flow across the aortic and mitral valves is equal; 
otherwise blood would rapidly accumulate in the left ventricle. 
Therefore, based on the calculation of blood flow we detailed 
previously, the continuity equation for the left-sided valves is 

CSA a ortic x TVI aortic = CSA mitral x TVI mitral . (6.4) 

Let us assume that we wish to know the CS A of the mitral valve 
to determine if there is mitral stenosis. We have already estab¬ 
lished that this measurement is difficult to determine directly. 
However, as can be seen from the equation, if the aortic CSA 
(more easily measured directly) and TVI are known, the mitral 
valve TVI can be easily obtained from a mitral inflow Doppler, 
so that the mitral valve CSA can be calculated as 

CSA mitral = (CSA aortic X TVI aortic )/TVI mitral . (6.5) 

Similarly, the continuity equation can be used to estimate regur¬ 
gitant volumes across valves. In the absence of an interven¬ 
tricular communication, the difference in antegrade flow vol¬ 
ume across the aortic and mitral valves represents additional 
flow from aortic or mitral regurgitation. The continuity equation 
also forms the basis for calculations of regurgitant flow volume 
using the proximal isovelocity area (PISA) method, which will be 
detailed subsequently. Incidentally, the Gorlin equation, which 
is used for estimation of valve areas in the catheterization lab, 
is a special case of the continuity equation where flow velocity 
is replaced by the square root of the pressure drop. However, in 
contrast to the continuity equation, the Gorlin calculation pro¬ 
vides an estimate of AOA, not EOA. 

Although calculation of the valve area is the most accepted 
approach to assessment of valvar stenosis in adults, in pediatric 
cardiology most clinical decisions are based on measurement of 
pressure gradients alone [22]. Arguments can be made in favor 
of either approach. Valve area is potentially advantageous over 
Doppler gradients as it is not influenced by the volume of blood 
flow and hence by factors such as tachycardia and anemia. Mea¬ 
surement of pressure, however, is more accurate than measure¬ 
ment of flow. Therefore, the assumption is generally made in 
pediatrics that incorporation of flow measurement across the 
valve orifice is more likely to increase rather than decrease the 
error in the estimate of hemodynamic severity. Although varia¬ 
tion in flow can contribute substantially to variation in gradient, 
marked reduction in cardiac output is common in adults with 
valvar heart disease, but is very unusual in children. For example, 
in adults, severe aortic valve stenosis maybe accompanied with a 
low gradient across the valve due to decreased ventricular func¬ 
tion. This is generally not the case in children, although there are 
exceptions, such as critical aortic stenosis of the newborn. 

As pressure gradients are generally used in children to assess 
the severity of stenosis, it can be debated whether the peak or 
mean gradient across a stenotic valve should be reported. Clini¬ 
cally, the peak pressure gradient is generally used to assess ven¬ 
tricular outflow obstruction, whereas mean gradient is usually 
used to assess ventricular inflow obstruction (although there 


are exceptions). For virtually all types of obstruction, peak gra¬ 
dients correlate poorly to the valve area whereas mean gradi¬ 
ents are used calculate the valve area (e.g., the Gorlin formula). 
However, the hemodynamic importance of outflow obstruction 
is its impact on the ventricle, which is more closely related to 
peak pressure than to mean pressure. Specifically, the risk for 
subendocardial ischemia, arrhythmias, and sudden death relate 
more closely to the peak gradient than the mean gradient as does 
the development of ventricular hypertrophy which relates more 
closely to peak wall stress than mean wall stress [23]. In aortic 
stenosis, the mean Doppler instantaneous gradient empirically 
correlates better to the catheter measured peak-to-peak gradi¬ 
ent (which historically was used for clinical decision making) 
than the peak Doppler instantaneous gradient. It is therefore 
our practice to report both the mean and the peak gradients 
across the aortic valve/LVOT (Figure 6.12b). For the pulmonary 
valve/RVOT we report the peak gradient. 

Assessment of native valvar regurgitation 

Two-dimensional echocardiography 

Two-dimensional echocardiography can provide clues to the 
presence and severity of valvar regurgitation. For example, the 
LV is expected to be large and appear hyperdynamic on 2D imag¬ 
ing when mitral regurgitation is present. The atrium gradually 
dilates to accommodate the regurgitant volume and this can be 
measured by M-mode, 2D or 3D echocardiography. The use of 
2D or 3D echocardiography is particularly important to ascer¬ 
tain the mechanism and cause of regurgitation. A flail leaflet is 
usually associated with severe mitral regurgitation. Conversely, 
it is unusual to have severe mitral regurgitation if the mitral 
valve and its support apparatus are anatomically normal. The 
presence of a coaptation defect readily visible by 2D echocar¬ 
diography usually indicates a significant degree of regurgitation. 
In mitral regurgitation, pulmonary artery pressure may rise in 
response to both the chronic mildly elevated left atrial pressure 
seen with chronic mitral regurgitation or in response to acute 
severe elevation with acute mitral regurgitation. When left atrial 
pressure is chronically elevated, pulmonary vascular resistance 
may increase and affect RV function. 

Volumetric assessment 

Volumetric assessment of valvar regurgitation is based on mea¬ 
surement of stroke volume in two regions of the heart. The 
stroke volume in one region includes the regurgitant volume, 
while the other region includes only the systemic stroke volume 
[24]. The difference between the two represents the regurgitant 
volume. For example, in mitral regurgitation, one can measure 
the stroke volume across the mitral valve (which includes the 
regurgitant volume) and the stroke volume across the left ven¬ 
tricular outflow tract (the systemic stroke volume). Subtract¬ 
ing the LVOT stroke volume from the mitral stroke volume will 
yield the mitral regurgitant volume. The stroke volumes can be 
obtained in a variety of ways. Flow through the left ventricu¬ 
lar outflow tract can be calculated by multiplying the CSA by 
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the PW Doppler velocity time velocity integral as previously 
detailed. Stroke volume can also be obtained from 2D or 3D 
echocardiography by subtracting LV end-systolic volume from 
end-diastolic volume. While the volumetric methods are theo¬ 
retically attractive, they are not widely used in clinical practice 
due to a number of limitations. They are time consuming and 
require multiple measurements and calculations which likely 
reduces their reliability [25]. Moreover, they are prone to errors 
in the primary measurements, which are then amplified in the 
subsequent calculations. The potential for error is further com¬ 
pounded by the need to subtract two large numbers from each 
other to obtain a smaller number, that is, the regurgitant volume. 

Doppler echocardiography 
Pulsed-wave Doppler 

Significant valvar regurgitation creates a larger inflow volume 
across the valve in the subsequent cardiac cycle thereby increas¬ 
ing the velocity of atrioventricular early diastolic inflow. Con¬ 
sequently it is unlikely to have severe mitral regurgitation if the 
early diastolic inflow wave (E wave) is not elevated (>1.5 m/sec 
with normal pressure half-time in adults). 

The characteristics of the regurgitant spectral display can also 
provide clues to the severity of the regurgitation. For example, 
in mild mitral or tricuspid regurgitation, the spectral recording 
of the jet has a soft density with a parabolic, rounded contour 
whereas in severe MR, the jet is dense with a triangular, early 
peaking velocity. In mild mitral regurgitation, pulmonary vein 
flow is normal with antegrade systolic flow. In contrast, in severe 
mitral regurgitation pulmonary vein systolic flow reversal may 
be present. 

Color Doppler 

Color flow Doppler is widely used to detect valvar regurgita¬ 
tion and to semiquantitatively assess its severity through mea¬ 
surement of the regurgitation jet width at the vena contracta, 
the regurgitant jet area in the atrium and by the assessment 
of flow convergence into the regurgitant orifice (Figure 6.13; 
Video 6.6). 

Jet area 

A larger regurgitant jet area in the atrium implies more severe 
regurgitation. Some authors have proposed refining this method 
by using the ratio of the regurgitant jet area to atrial area as 
a measure of the severity of the regurgitation. This too is lim¬ 
ited, however, as chronic severe regurgitation will lead to atrial 
enlargement and hence a lower jet-to-atrial area ratio. Regard¬ 
less of whether the absolute jet area or its ratio to atrial area 
is measured, this parameter can be very misleading due to the 
many technical physiologic and anatomic factors that affect the 
size of the regurgitant jet area. The most important technical 
factors are the pulse repetition frequency (PRF) (Nyquist limit) 
and color gain. The jet area is inversely proportional to PRF and 
directly proportional to color gain; that is, the lower the Nyquist 
limit and the higher the gain, the larger the jet area. Therefore it 



Figure 6.13 Severe right atrioventricular valve regurgitation in a child after 
repair of a complete atrioventricular septal defect. Depicted are several 
features used to assess valvar regurgitation. Proximal convergence is seen as 
the flow approaches the regurgitant orifice (single, thick arrow). The vena 
contracta, the narrowest portion of the jet is seen in the region of the 
regurgitant orifice (bounded by the two narrow arrows). Note that in this 
example it is difficult to accurately determine the location and width of the 
vena contracta. The exit jet area is large and reaches to the back of the 
atrium (arrowhead). 


is optimal for each lab to use standard settings and to use similar 
settings from one study to the next so that changes can be more 
readily appreciated. Gain should be set so that random color 
speckles are eliminated from nonmoving regions. Nonetheless, 
even with standardization, substantial error and variability can 
be introduced by the technical settings and it is unreliable to 
use jet area as the sole parameter for assessment of regurgitation 
severity. Moreover, eccentric, wall-hugging jets appear smaller 
than centrally directed jets of similar hemodynamic severity 
because they flatten against the atrial wall due to the previously 
detailed Coanda effect. When an eccentric jet is seen, a struc¬ 
tural abnormality, often opposite to the jet direction, such as a 
prolapsing leaflet or cleft left atrioventricular valve, should be 
sought (Figure 6.14; Video 6.7). 

Vena contracta 

The vena contracta is the narrowest portion of a jet that occurs 
at or immediately downstream from the orifice. The CSA of the 
vena contracta represents a measure of the effective regurgitant 
orifice area (EROA), which is the narrowest area of actual flow. 
The vena contracta method has been used to determine severity 
of aortic regurgitation, mitral regurgitation, and in pediatric 
cardiology, the severity of tricuspid regurgitation in hypoplastic 
left heart syndrome [26-28]. In children, the ratio of the vena 
contracta to aortic valve diameter has been proposed as a 
measure of aortic regurgitation severity [29]. Nonetheless, if 
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Figure 6.14 Mitral valve prolapse with mitral regurgitation. The prolapsing 
anterior leaflet (long arrow) prevents formation of a complete PISA 
hemisphere (short arrow) which complicates calculation of the mitral 
regurgitant volume by PISA. Although there are calculations that 
theoretically can correct for these factors, these are cumbersome, can be 
inaccurate and are not routinely used in pediatric laboratories. Note the 
eccentric posteriorly directed jet. 

the regurgitant orifice is dynamic, the vena contracta may 
change with changing hemodynamics or during the cardiac 
cycle [30]. Because the vena contracta has high velocities, it is 
less sensitive to technical factors than the regurgitant jet area. 
To image the vena contracta and to differentiate it from the 
more proximal flow acceleration and from the jet expansion 
distally, it may be necessary to angulate the transducer out 
of the regular imaging plane. Because the vena contracta is 
narrow its measurement is limited by the lateral resolution 
of color Doppler and small measurement errors can lead to a 
significant error in judging the severity of the regurgitation. 
Zoom mode can be used to better visualize the vena contracta 
and to facilitate more accurate measurement of its width. For 
optimal lateral and temporal resolution, the color flow sector 
should be adjusted to be as narrow as possible and depth 
as shallow as possible. The vena contracta method is also 
inaccurate when multiple jets are present, even though theo¬ 
retically, the vena contracta of individual jets can be summed 
(Figure 6.15). Three-dimensional echocardiography has 
been proposed to assess the vena contracta area to increase 



Figure 6.15 Two jets of left atrioventricular valve regurgitation in a child 
after repair of an atrioventricular septal defect. Theoretically the 
regurgitation severity can be assessed by summing the regurgitant volume 
from each jet based on the proximal convergence (arrows) or by summing 
the vena contracta of each individual jet. In practice this is rarely done in 
pediatric laboratories although these factors are qualitatively assessed by 
the reader and incorporated into the judgement of regurgitation severity. 

measurement accuracy and to allow evaluation of jets where 
geometric assumptions may not be applicable [31]. The 3D 
dataset is manually cropped by an image plane perpendicularly 
oriented to the jet direction up to the narrowest cross-sectional 
area of the jet. The effective regurgitant orifice area (EROA)-3D 
is then measured by manual planimetry of the color Doppler sig¬ 
nal in an “en face” view of the jet. This methodology has recently 
been demonstrated for children with aortic regurgitation [32]. 

Proximal isovelocity surface area (PISA), or flow 
convergence method 

When flow converges on a narrow orifice it forms a flow pat¬ 
tern of a series of isovelocity lines of progressively higher veloc¬ 
ity, which are used in PISA calculations (Figure 6.16; Video 6.8). 
The surface area of the PISA can be used to determine the flow 
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Figure 6.16 Left atrioventricular regurgitation in a patient after repair of 
atrioventricular septal defect. The blood approaching the relatively narrow 
regurgitant orifice forms lines of increasing velocity in the form of a 
hemisphere. The surface area of the hemisphere can be calculated from its 
radius, which is the distance from the regurgitant orifice to the aliasing 
boundary (Nyquist limit) (arrows) of 69.3 cm/s in this case. The product of 
the surface area of the hemisphere and Nyquist limit provides the 
regurgitant volume. Note, however, that it is difficult to determine exactly 
where the regurgitant orifice is, complicating this calculation. See text for 
further details. 

volume through the valve and hence the severity of valvar regur¬ 
gitation. For a circular orifice, the isovelocity lines converge on 
the orifice in the form a hemisphere. One may imagine this phe¬ 
nomenon as a crowd of spectators outside a sport stadium con¬ 
verging on a narrow turnstile to enter the stadium. Outside the 
stadium the spectators form a half circle and move progressively 
faster in concentric lines towards the narrow turnstile, akin to 
PISA. Once through the turnstile they are ejected into the sta¬ 
dium in a narrow stream (akin to the vena contracta), and then 
once inside the stadium they disperse after a variable distance 
(credits to Dr. Norman Silverman for this analogy). The surface 
area of the PISA is that of a hemisphere (2 %r 2 ). The regurgitant 
flow volume is then calculated as flow velocity X PISA. The PISA 
method has been used to estimate aortic and mitral regurgitation 
with reasonable correlation with other methods. Practical steps 
to measure a regurgitant volume using the PISA method: 

1 Turn on color Doppler through the regurgitant orifice; 

2 Reduce the velocity scale (Nyquist limit) until an aliasing 
boundary forms near to the orifice; 

3 Measure the distance between the aliasing boundary and the 
flow orifice (this is the radius (r) of the hemisphere); 

4 Calculate the PISA surface area as 2nr 2 ; 

5 Calculate peak regurgitant flow as PISA x aliasing velocity. 
The aliasing velocity is the Nyquist limit where the aliasing 
boundary was measured. 


The PISA method can also be combined with the continuity 
equation to calculate the regurgitant orifice area (ROA) as a mea¬ 
sure of the regurgitation severity: 

ROA = regurgitant flow (by PISA)/ V max , (6.6) 

where V max is the maximum flow velocity through the regur¬ 
gitant orifice. The regurgitant volume can be calculated as 
ROA x TVI, where TVI is the time-velocity integral of the flow 
across the regurgitant orifice. 

Although theoretically sound and attractive, in reality there 
are a number of important factors that limit the applicability of 
the PISA method in clinical practice. In a significant number 
of patients, aliasing boundaries proximal to the regurgitant ori¬ 
fice cannot be identified, either because the required flow condi¬ 
tions are not present or because the echocardiographic image is 
inadequate. When an aliasing boundary is identified, it is often 
difficult to identify the position of the regurgitant orifice in 
order to measure the distance between the orifice and the alias¬ 
ing boundary (Figure 6.13). Furthermore, one of the assump¬ 
tions that underlie the PISA calculation is that of a hemispheric 
PISA. However, often the shape of the PISA is distorted by prox¬ 
imal structures [33] such as the ventricular wall or a flail leaflet 
within the proximal convergence area that prevents formation 
of full hemispheric contours (Figure 6.14; Video 6.7). Even in 
unbounded flow, the PISA is hemispheric only for a specific por¬ 
tion of the flow convergence area with the flow contours flatten¬ 
ing towards the orifice [34,35]. Using 3D echocardiography, one 
study found that the PISA shape was not hemispheric in almost 
90% of children with mitral regurgitation [36]. Likewise, the 
regurgitant orifice is not always constant. For example, patients 
with mitral valve prolapse may have substantial variation in the 
ROA over the course of systole. Similarly, the tricuspid valve has 
a large ROA in early systole that nearly disappears by the end of 
systole. If there is significant variation in the ROA over the car¬ 
diac cycle, the calculation of the regurgitant volume using PISA 
will be inaccurate. Due to these substantial limitations, in many 
pediatric laboratories, PISA is not used as a routine technique to 
assess severity of regurgitation. 

Other specific parameters for assessment of valvar 
regurgitation 

Two additional parameters may be useful to assess the severity 
of aortic regurgitation. The aortic pressure half-time is obtained 
from the CW Doppler recording of reversed flow across the aor¬ 
tic valve in diastole and is measured as the time required for 
the peak velocity to decline by a factor of 1/^2 (Figure 6.17). 
The time required for the aorta-to-left ventricle pressure gra¬ 
dient to fall is indicative of the regurgitation severity [37]. A 
shorter pressure half-time indicates more severe regurgitation 
with values less than 200-250 ms generally indicating severe 
regurgitation, between 200-400 moderate regurgitation, and 
higher than 400 ms, mild regurgitation. However, the pressure 
half-time is influenced by multiple factors other than the 
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Figure 6.17 Continuous-wave spectral 
Doppler envelope of aortic regurgitation in a 
teenager with severe aortic regurgitation. 
Tracing of the pressure half-time slope is 
depicted by the white line. 


severity of regurgitation, such as ventricular compliance and 
whether the regurgitation is acute or chronic. Acute aortic regur¬ 
gitation is associated with much shorter pressure half-time val¬ 
ues as the ventricle is not dilated and is less compliant. In chronic 
regurgitation where the ventricle has dilated and has become 
more compliant, the pressure half-time will be longer for the 
same degree of regurgitation. Likewise, systemic vascular resis¬ 
tance and medications that affect it will also affect the pressure 
half-time. In addition, measurements of slopes in echocardiog¬ 
raphy are subject to poor reproducibility [25]. 

As previously mentioned, when aortic regurgitation is hemo- 
dynamically significant, there will be flow reversal in the aor¬ 
tic arch and descending aorta [38]. Although the ratio of the 
reversed to forward flow velocity time integral has been pro¬ 
posed as a quantitative measure of the aortic regurgitant frac¬ 
tion, we use the presence of holo-diastolic flow reversal in the 
descending aorta as a qualitative, albeit very important measure 
of at least moderate aortic regurgitation (Figure 6.18; Video 6.9). 
Akin to this parameter, flow reversal in the pulmonary artery 
can be used to qualitatively judge the severity of pulmonary 
valve regurgitation. With mild pulmonary regurgitation there is 
no flow reversal in the pulmonary artery. Moderate pulmonary 
regurgitation is associated with flow reversal in the main pul¬ 
monary artery, while severe pulmonary regurgitation is associ¬ 
ated with flow reversal in the branch pulmonary arteries [39]. 
Similar to the pressure half-time for aortic valve regurgitation, 
the pattern of the spectral Doppler envelope can assist in judg¬ 
ing the severity of pulmonary regurgitation. When the regur¬ 
gitation is severe, pressure between the pulmonary artery and 
RV equalizes rapidly resulting in a rapid down-sloping Doppler 
envelope. When regurgitation is mild, after an initial pressure 
peak in early diastole there will be a plateau before the velocity 
equalizes. The hemodynamics of valvar regurgitation has other 


important implications for patient management. Changes in the 
size of the regurgitant orifice have far more impact on the sever¬ 
ity of regurgitation than changes in the pressure difference across 
the orifice. In fact, manipulation of blood pressure has mini¬ 
mal effect on regurgitant volume. For example, it is unusual for 
afterload reduction therapy to induce a fall of more than 10% in 
mean arterial pressure, and yet even this relatively robust clini¬ 
cal response would result in only a 3% fall in regurgitant volume. 
This may explain why use of medications that decrease left ven¬ 
tricular afterload such as angiotensin-converting enzyme recep¬ 
tor inhibitors may not significantly affect atrioventricular valve 
regurgitation. 

It is apparent that one should use multiple parameters to judge 
the severity of regurgitant lesions as use of any individual param¬ 
eter may be unreliable. In a given patient, the clinicians assess¬ 
ment by synthesizing the clinical status in combination with 
echo assessment of the ventricular response and echo param¬ 
eters of the regurgitation severity will determine the manage¬ 
ment. In adults and adolescents, guidelines exist to assist the 
clinician with these decisions [40]. 

Hemodynamic assessment of flow through 
prosthetic valves 

Echocardiographic evaluation of prosthetic valves is an exten¬ 
sive topic. Echocardiographic evaluation of the prosthetic valve 
begins before its implantation in assessing the indications 
for a prosthetic valve versus the prospects of repairing the 
native valve; determining the prospects for an appropriately 
sized prosthesis; and intraoperatively assessing its implantation. 
Following implantation, assessment of prosthesis function, pan- 
nus formation, thrombus and vegetations are part of the 
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Figure 6.18 A pulsed-wave Doppler is placed in 
the descending aorta at the level of the 
diaphragm in a patient with aortic insufficiency. 
Holo-diastolic flow reversal is seen beneath the 
Doppler baseline (doubleheaded arrow) and 
signifies significant (at least moderate) aortic 
regurgitation. 



routine echocardiographic assessment of prosthetic valves. With 
the increase in catheter implantation of stented bioprosthetic 
valves in the pulmonary position in children with congeni¬ 
tal heart disease and RVOT dysfunction, echocardiographic 
assessment of prosthetic valves in children is becoming more 
common (Figure 6.19a-c). In this section we will focus on 
the hemodynamic assessment of prosthetic valves. Prosthetic 
valves, either mechanical or bioprosthetic, differ in size, shape 
and number of orifices from native valves leading to differ¬ 
ences in blood flow. These differences can affect hemody¬ 
namic assessment of prosthetic valves, which is often diffi¬ 
cult. For example, a bileaflet prosthetic tilting disc valve has 
three orifices (Video 6.10). Flow is highest through the cen¬ 
tral rectangular orifice, and lower through the two periph¬ 
eral semicircular orifices (Figure 6.20a; Video 6.11). How¬ 
ever, the true net gradient through the valve is determined 
by flow through all three orifices. Therefore, sampling of flow 
through the central orifice will overestimate the true net gra¬ 
dient. In another example, in caged ball valves, flow travels 
around the occluding device rather than through a defined 
orifice complicating Doppler assessment. In these valves tur¬ 
bulence is created by the occluding ball in the center of the 
stream and by eddies of circulating backflow around the occlud¬ 
ing ball leading to overestimation of pressure gradients through 
these valves. Assessment of the prosthetic valve with color 
Doppler flow can assist in determining the number of orifices 
and flow pattern through the valve. Pulsed- and continuous- 
wave Doppler can then be used to define the valve gradients in 


the same manner as for native valves. Prosthetic valves, espe¬ 
cially in the inflow position may be seated differently from 
the native inflow and the blood flow can have eccentric ori¬ 
entation. Accordingly, the echocardiographic views may need 
to be modified to align the Doppler beam as closely as pos¬ 
sible with the direction of flow (Figure 6.20b). As with native 
valves, multiple views should be obtained to ensure the highest 
velocity is recorded, especially in eccentric jets. A CW Doppler 
should be obtained and the peak and mean gradients reported 
(Figure 6.20c). 

Prosthetic valves are inherently stenotic. The sewing ring 
may be too small relative to the flow volume through the 
valve, even if the valve functions well. This condition is termed 
prosthesis-patient mismatch and is a problem in growing chil¬ 
dren with an increasing stroke volume. Conversely in infancy 
the smallest available prosthetic valve size may be too large. In 
addition, the effective valve orifice is always smaller than the 
sewing ring, effectively increasing the stenosis. Even in stented 
bioprosthetic valves, the valve leaflets are less compliant than 
native leaflets, which increases resistance to flow. Over time, 
bioprosthetic leaflets tend to thicken and become fibrotic with 
the risk of increasing stenosis and regurgitation. Likewise, the 
flow profile through a bioprosthesis is often triangular and 
smaller than the anatomic valve area. 

Pressure recovery also affects the hemodynamic assessment 
of gradients through prosthetic valves. This is most clinically 
relevant in the aortic position. Immediately distal to the 
prosthesis central orifice, flow is high and pressure has not yet 
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Figure 6.19 Two-dimensional image of a stented bioprosthesis in the pulmonary position in a patient after surgical repair of tetralogy of Fallot (a). The 
valve leaflets are in the closed position (arrow). The bright echos of the stent are visible. In systole there is mild flow acceleration starting at the valve 
leaflets (b). The spectral envelope of a continuous Doppler signal (c) reveals a peak velocity of 287 cm/s translating into a peak gradient of 33 mmHg (long 
arrow). Above the baseline, there is mild pulmonary regurgitation (arrowhead). The linear echo of the prosthetic leaflet closure is apparent (short arrow). 


recovered. Further downstream in the aorta, pressure recovery 
occurs thereby leading to a lower net gradient between the LV 
and aorta. Sampling close to the valve will therefore reflect a 
higher (albeit true) local gradient which overall overestimates 
the net physiologic LV to aorta gradient. As for native valves, 


pressure recovery will be larger with larger valve areas and in 
larger aortic roots. 

The peak and mean gradient through the prosthetic valve can 
be obtained by Doppler, but different patterns may be observed 
depending on which opening in the valve is sampled. 
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Figure 6.20 Two-dimensional diastolic image of a mechanical disc prosthesis in the mitral position (a). The oval sewing ring is demarcated by the 
asterisks. The two discs are open and are seen as linear echogenicities (arrows). The central square orifice and two peripheral semi-oval orifices can be 
seen. A strong echogenic artefact from the device is seen posterior to the valve (arrowheads). In (b) a transesophageal echocardiographic mid-esophageal 
4-chamber view shows two laminar inflow jets. The third jet is not visible in this plane. In (c) a spectral Doppler of the prosthetic inflow is seen taken from 
a transthoracic 4-chamber view. Note the strong linear echogenicities of the discs opening and closing (arrows). There is no obstruction to flow through 
the prosthesis with a mean gradient of 3 mmHg. 
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Gradients through prosthetic valves are usually higher than 
through native valves and depend on the type and size of the 
valve. For example, a 19 mm St. Jude prosthesis may normally 
have a peak flow velocity of 4.5 m/s, which is quite abnormal 
for a native aortic valve. Therefore, it is helpful to consult tables 
that report expected gradients through prosthetic valves accord¬ 
ing to their type and size. It is especially useful to record the 
baseline gradient after valve implantation so that changes over 
time can be assessed and recognized. For this purpose an ade¬ 
quate baseline study before discharge from the hospital and in 
the first 2-3 months after prosthesis implantation should be 
obtained. If an elevated or increasing gradient is detected the 
mechanism of stenosis should be evaluated and the motion of 
the valve occluding mechanism (most often two tilting discs in 
the mitral position (Video 6.10) should be evaluated. This can 
be facilitated using M-mode. In some children, assessment of 
the leaflet motion can be very difficult by transthoracic echocar¬ 
diography due to the strong echos generated by the prosthe¬ 
sis (Figure 6.20a; Video 6.10) and difficult imaging windows in 
patients who have undergone repeated surgery. Transesophageal 
echo and especially cine fluoroscopy are useful to confirm open¬ 
ing and closing of both discs, especially when thrombus is sus¬ 
pected. As for native valves, the physiologic consequences of val¬ 
var stenosis are central to clinical management. For example, 
when there is an increased gradient across a mitral prosthesis, 
RV systolic pressures should be assessed to evaluate whether pul¬ 
monary pressures are increased. Although the continuity equa¬ 
tion can be used to determine the effective orifice area of pros¬ 
thetic valves, as for native valves, this method is not usually used 
in pediatric laboratories. Rather, changes in the valve gradient on 
serial assessment, combined with assessment of effects on car¬ 
diac and patient status is more practical. An additional practical 
approach to assessing gradients through aortic prostheses is use 
of the Doppler velocity index: the ratio between the outflow tract 
velocity and the maximal velocity through the valve. Because 
all prosthetic valves are stenotic to some degree, the expected 
ratio is less than 1 (usually between 0.35-0.5), use of the TVI 
has been proposed in place of the peak velocity to avoid errors 
that can occur in the peak velocity in small or bileaflet valves as 
previously discussed. Whether the peak velocity or TVI is used, 
the higher the Doppler velocity index, the larger the valve area. 
Conversely, the smaller the index, the smaller the valve area. 
One advantage of using the Doppler velocity index is that as a 
ratio it corrects variations in flow rates and the patient serves 
as his/ her own reference. In adult studies the pressure half¬ 
time has been proposed to assess prosthetic mitral valve stenosis, 
with the same limitations pertaining to native valves such as the 
effects of chamber compliance. In adults, the mitral valve area 
is often approximated by the pressure half-time principle using 
the empirical formula of 

mitral valve area (cm 2 ) = 220/pressure half-time (ms). (6.7) 

Although this method can be applied to prosthestic valves 
in the mitral position, it is not commonly used in pediatric 


laboratories even for native valves, and will overestimate the 
effective valve area for prosthetic valves. Likewise, this method 
applies only when the valve is actually stenotic and cannot be 
used to follow nonstenotic valves. Nonetheless, a prolonged 
pressure half-time in relation to previous measurements in the 
same patient suggests increasing stenosis or obstruction. 

In addition to being inherently stenotic, prostheses are also 
inherently regurgitant. Indeed, some degree of regurgitation 
may be part of the valve design in order to “wash” the valve 
and reduce the risk of thrombus. Assessment of valve regurgita¬ 
tion and visualization of the regurgitant jet can be complicated 
by shadowing and reverberations from the prosthesis. The pat¬ 
tern of “normal” prosthetic regurgitation is dependent on the 
type of valve and must be distinguished from abnormal regur¬ 
gitation. In general there are two categories of normal pros¬ 
thetic valve regurgitation. Closure backflow is the mechanism 
by which regurgitant flow closes the valve in early systole or 
diastole (depending on whether the valve is an inflow or out¬ 
flow valve), and ends once the occluding mechanism is seated 
in the sewing ring. Backflow leakage occurs after the discs have 
closed or occluding mechanism is seated in the sewing ring and 
is usually seen as small puffs of regurgitation between the valve 
discs and seating ring (Figure 6.21; Video 6.12). These backflow 
jets are short in duration, narrow, symmetric in bileaflet pros¬ 
theses, and of low velocity. In contrast, regurgitation between the 



Figure 6.21 Color Doppler in a 4-chamber view demonstrating normal 
seating puffs (arrows) of mild prosthetic regurgitation. These are small in 
area and clearly originate between the discs and the sewing ring 
(arrowhead). 
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Table 6.3 Assessment of prosthetic valves 


seating ring and tissue is abnormal and implies valve dehiscence 
or dislodgement. Abnormal regurgitation should be suspected 
when there is more than a mild degree of regurgitation such as 
that which extends far into the receiving chamber, wide, large, 
high velocity, asymmetrical (across the valve area), eccentric and 
wall-hugging jets. Color M-mode can help in determining the 
timing and duration of both native valve and prosthesis regurgi¬ 
tation. Normal bioprosthetic valves also often exhibit mild cen¬ 
tral regurgitation. The majority of patients after transcatheter 
implantation of a bioprosthetic valve in the right ventricular out¬ 
flow tract position show no or trivial pulmonary regurgitation by 
echocardiography over the first 2 years [41]. The key points in 
the assessment of prosthetic valves are summarized in Table 6.3. 
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Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 6.1 Color Doppler flow across a stenotic aortic valve sam¬ 
pled from the subcostal coronal view. The jet across the aortic valve 
is oriented towards the wall of the aorta. The high flow velocity cre¬ 
ates a region of low pressure adjacent to the vessel wall. At the inner 
curvature of the aorta there is slower flow velocity with development 
of flow reversal (orange flow towards the transducer). 


Video 6.2 Color Doppler flow on an apical 3-chamber (long-axis) 
view depicting left atrioventricular valve regurgitation in a child 
after repair of an atrioventricular septal defect. The eccentric regur¬ 
gitant jet [travelling away from the transducer (blue color)] tracks 
along the left atrial posterior wall due to the Coanda effect. 

Video 6.3 Subcostal sagittal view with color Doppler flow. There 
is flow acceleration into the right ventricular outflow tract from 
right ventricular muscle bundles. However, interrogating the gra¬ 
dient across this region may yield inaccurate measurements due to 
flow from a closely associated perimembranous ventricular septal 
defect. The two jets would have to be clearly differentiated in order 
to reliably interrogate the gradient across the right ventricular out¬ 
flow tract. 

Video 6.4 Two-dimensional subcostal sagittal view of the right ven¬ 
tricle and right ventricular outflow tract in an infant with tetralogy 
of Fallot. 

Video 6.5 Color flow across the right ventricular outflow tract. The 
ventricular septal defect is seen. Note the dynamic narrowing of the 
right ventricular outflow tract and the flow acceleration that begins 
in the infundibulum, well below the pulmonary valve. Together with 
the narrow pulmonary valve this creates the double-contour spec¬ 
tral Doppler shown in Figure 6.11. 

Video 6.6 Subcostal coronal echo showing color Doppler across 
the aortic valve in a child with severe aortic regurgitation. Note the 
proximal convergence of the regurgitant flow which forms isove¬ 
locity lines (PISA) as it approaches the regurgitant orifice from the 
aorta. The vena contracta can be seen as the narrowest region of the 
regurgitant jet at the regurgitant orifice. The relatively large width of 
the vena contracta in this patient is consistent with severe regurgita¬ 
tion. The regurgitant jet is large and extends far into the left ventri¬ 
cle. Note that the jet is eccentric and the regurgitation is more severe 
than depicted by jet area alone. 

Video 6.7 Mitral valve prolapse with mitral regurgitation in an ado¬ 
lescent with Marfan syndrome. The prolapsing anterior leaflet pre¬ 
vents formation of a complete PISA hemisphere which complicates 
calculation of the mitral regurgitant volume by PISA. Although 
there are calculations that theoretically can correct for these fac¬ 
tors, these are cumbersome, can be inaccurate and are not rou¬ 
tinely used in pediatric laboratories. Note the eccentric posteriorly 
directed jet. 

Video 6.8 Tricuspid regurgitation in a child with pulmonary atresia 
and intact ventricular septum. Note the proximal isovelocity sur¬ 
face acceleration as the regurgitant jet approaches the regurgitant 
orifice. Lines of increasing velocity are seen as aliasing of the color 
flow (dark blue to light blue). The surface area of the PISA hemi¬ 
sphere times the Nyquist limit (73.2 cm/s in this example) can be 
used to approximate the regurgitant volume. 

Video 6.9 Prominent diastolic flow reversal (blue color depict¬ 
ing flow away from the transducer) in the abdominal aorta at the 
level of the diaphragm in a child with aortic regurgitation. The 


• Echocardiographic evaluation of the prosthetic valve is important 
before, during, and after its implantation. 

• Prosthetic valves differ in size, shape, and number of orifices from 
native valves complicating hemodynamic assessment. Imaging 
difficulties further hinder assessment of prosthetic valve function. 

• Within known pitfalls and limitations, the Doppler techniques to 
assess prosthetic valve hemodynamics are similar to that for native 
valves. 

• Various factors cause prosthetic valves to be inherently stenotic as 
well as regurgitant. 

• Cine fluoroscopy should be used to confirm opening and closing of 
tilting disc prostheses when thrombus is suspected. 

• Changes in the valve gradient on serial assessment, combined with 
assessment of effects on cardiac and patient status is the most 
practical way to assess prosthesis function and stenosis. 

• Normal prosthesis regurgitation jets are short in duration, narrow, 
symmetric in bileaflet prostheses, and of low velocity. Regurgitation 
between the seating ring and tissue is abnormal and should be 
suspected when there is more than a mild degree of regurgitation 
such as that extending far into the receiving chamber, wide, large, 
high velocity, asymmetrical (across the valve area), eccentric and 
wall-hugging jets. 




94 Part II Quantitative Methods 


presence of flow reversal in the abdominal aorta is consistent with 
at least a moderate degree of regurgitation. 

Video 6.10 Tilting disc prosthesis in the mitral position seen from a 
parasternal short-axis view. The motion of both discs is clearly seen. 
When open, this prosthesis forms three orifices, a central square ori¬ 
fice flanked by two semicircular orifices. Note the strong echogenic 
artifact created by the metallic prosthesis behind the valve. 

Video 6.11 Color flow Doppler through a tilting disc prosthesis in 
the mitral position seen from an apical view. The three inflow jets 
are seen as orange flow depicting flow towards the transducer. There 
is flow acceleration as the flow traverses the valve orifices. 

Video 6.12 Color Doppler in a 4-chamber view during trans¬ 
esophageal echocardiography demonstrating normal seating puffs 
of mild prosthetic regurgitation seen as small orange jets enter¬ 
ing the left atrium. These originate between the discs and the 
sewing ring. 
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Introduction 

Evaluation of systolic function is an essential part of every 
echocardiographic examination. Too often this is based on sub¬ 
jective evaluation of global and regional myocardial function. 
Various echocardiographic techniques allow quantification of 
ventricular performance. However, the acquisition and interpre¬ 
tation of the various measurements can be challenging especially 
in patients with congenital heart disease due to variability in 
ventricular size, geometry, and loading conditions. In this chap¬ 
ter we review the echocardiographic assessment of left and right 
ventricular (LV and RV, respectively) systolic function. 

The mechanics of cardiac systolic function 

The heart is a volume pump that must generate sufficient car¬ 
diac output to provide oxygen supply to the tissues commensu¬ 
rate with the oxygen demand. Cardiac pump function is depen¬ 
dent on active force development in the myocytes resulting in 
pressure development in the ventricle. Once the semilunar valve 
opens, myocardial fiber shortening and wall deformation leads 
to ejection of the blood from the ventricle. Hence, cardiac func¬ 
tion can be assessed by studying the relationship between force 
development and myocardial deformation at the different levels 
of cardiac organization: the myocyte, myocardial wall, and whole 
ventricle, as illustrated in Figure 7.1 [ 1]. At the myocyte, or fiber, 
level, sarcomere activation results in active myocardial force 
development and fiber shortening. At the level of the myocardial 
wall, segmental force development increases regional wall stress 
and causes myocardial shortening and thickening during ejec¬ 
tion. On the ventricular level, the increase in ventricular cavity 
pressure above aortic or pulmonary pressure during early sys¬ 
tole leads to semilunar valve opening. The subsequent contrac¬ 
tion of the myocardial segments results in the displacement of 
blood volume. The relationship between cavity pressure changes 
and volume changes has been studied invasively by pressure- 
volume loops. The end-systolic pressure-volume relationship, or 


elastance, is considered the gold standard for evaluating contrac¬ 
tile function as this parameter corrects for loading conditions, 
thereby representing intrinsic myocardial contractility. 

Fiber organization and wall mechanics 

The complex structural organization of myofibers in differ¬ 
ent layers is one of the basic determinants of cardiac mechan¬ 
ics. In the normal heart sarcomere shortening is approximately 
15%. This relatively small shortening percentage results in a 35- 
40% wall thickening and ejection of 55-60% of LV blood vol¬ 
ume in each systole [2,3]. In contrast to skeletal muscle fibers, 
cardiac fibers do not assemble in parallel arrays but bifurcate 
and recombine to form a complex three-dimensional (3D) net¬ 
work. In the subepicardium, myofibers are organized in a left- 
handed obliquely oriented spiral, changing to a more circumfer¬ 
ential orientation in the LV mid-wall and to a right-handed spi¬ 
ral of more obliquely and longitudinally oriented fibers in the 
subendocardial layer. Myocardial function is most commonly 
described in a spatial reference frame of the three major axes 
(longitudinal, circumferential, and radial; Figure 7.2). The com¬ 
plex 3D myocardial fiber organization results in significant fiber 
interaction and shear forces during systole. When myofibers 
shorten and thicken they compress each other. This process, 
called cross-fiber shortening, is responsible for the amplification 
of the effects of myofiber shortening, thickening, and twisting. In 
the LV, the mid-wall layer is the most prominent explaining the 
predominant circumferential shortening and radial thickening 
in the LV. The more longitudinally oriented subepicardial and 
subendocardial fibers cause longitudinal shortening with dis¬ 
placement of the atrioventricular annular plane in the direction 
of the relatively stationary apex. Radial thickening results from 
the combined effects of circumferential and longitudinal short¬ 
ening. While in the LV circumferential shortening predominates 
during ejection, in the RV longitudinal shortening is the dom¬ 
inant myocardial motion during ejection. In the LV, the oppo¬ 
site spiraling of the oblique subendocardial and subepicardial 
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Figure 7.1 Cardiac function can be studied at 
different levels (myocyte, segment, ventricle as 
a whole). At each level force development 
results in myocardial deformation resulting in 
ventricular output. 
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fibers cause a torsional motion of the heart caused by coun¬ 
terclockwise rotation at the apex (Video 7.1) and clockwise 
rotation at the base (Video 7.2) when viewed from the apex. 
This wringing motion of the heart contributes to cardiac out¬ 
put and is an important component of cardiac mechanics. For 
a detailed overview on the basics of cardiac mechanics related 
to echocardiography, we refer the reader to two comprehen¬ 
sive reviews on the topic [4,5]. An understanding of cardiac 
mechanics is required to understand myocardial deformation 
imaging using newer speckle-tracking echocardiography (STE) 
technologies [6]. 


Cardiac function at the ventricular level 

Global ventricular performance is the ability of the heart to 
develop force and deform so that it can eject blood. Ventricu¬ 
lar performance can be assessed by measuring the stroke vol¬ 
ume, which is the blood volume ejected by the heart with each 
heartbeat. The resulting cardiac output is the product of stroke 
volume and heart rate. Cardiac output depends on preload, 
afterload, heart rate, and intrinsic contractility. Preload is the 
load present at end-diastole before the onset of cardiac con¬ 
traction. It is best defined in the isolated muscle strip model 
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Figure 7.2 Myocardial fiber orientation and myocardial deformation. 
Longitudinal fibers cause longitudinal shortening; circumferential fibers 
cause circumferential shortening and radial thickening. Spiraling of the 
fibers is responsible for the rotational motion with clockwise rotation of the 
base and counterclockwise motion of the apex. 


as end-diastolic fiber length. Through the Frank-Starling rela¬ 
tionship, up to a certain point, higher preload results in higher 
force generation. Consequently, an acute increase in preload 
leads to increased systolic function and increased stroke volume 
while reduced preload leads to lower stroke volume and ejection 
fraction (Frank-Starling relationship). In the intact organ end- 
diastolic fiber length cannot be measured and LV end-diastolic 
volume or pressure are usually used as surrogate markers, albeit 
imperfect, for fiber length. In patients with chronic volume load, 
end-diastolic volume is an inaccurate measurement of preload 
as ventricular remodeling with eccentric hypertrophy changes 
the resting length of the myofibers and reduces end-diastolic 
fiber stress. In patients with a large left-to right shunt eccen¬ 
tric remodeling can normalize preload. Therefore, preload and 
volume loading should not be confused. Likewise, end-diastolic 
pressure does not accurately reflect preload as it is influenced by 
ventricular compliance and does not directly reflect fiber length. 
For example, in a stiffer ventricle a higher end-diastolic pressure 
does not necessarily represent a higher preload. 

Afterload in an isolated muscle strip is the force resisting 
shortening after the onset of systole. Increased afterload reduces 
myocardial shortening which should be taken into account when 
interpreting systolic functional indices especially during the 
ejection phase. Important determinants of afterload are peak 
arterial pressure, arterial compliance, and vascular resistance. In 
the intact organ afterload is best defined as the resistance against 
which the ventricle contracts, or the wall stress [7]. Wall stress 
is determined by intracavitary pressure, cavity dimension, and 
wall thickness (Laplaces law; Figure 7.3): 

wall stress = pressure X radius/(2 x wall thickness). 

Wall stress varies throughout systole. Peak systolic wall stress 
is the highest wall stress during systole and is the trigger for 
the development of concentric hypertrophy. Total systolic wall 
stress (time-stress integral) determines oxygen consumption. 
End-systolic wall stress is the afterload at the end of systole at 
the time of aortic valve closure and determines the degree of 
total systolic shortening. Wall stress is a force, which means that 
it can be considered as a vector with components in different 
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Wall thickness 


Figure 7.3 Definition of wall stress by the Laplace formula. Global LV wall 
stress increases with intracavitary pressure and with an increase of left 
ventricular end-diastolic dimension (LVEDD), and with decrease of wall 
thickness. Regional wall stress is influenced by the curvature of the wall 
defined by the radius of curvature. This is the radius of the circle that fits 
the local wall curvature. At the apex of the radii of curvature are small 
myofibers resulting in lower local wall stress. The flat wall at the base of the 
interventricular septum has the largest radius of curvature resulting in 
higher wall stress. 

directions. The cardiac coordinate system can be used as the ref¬ 
erence with circumferential stress (short axis), meridional stress 
(long axis), and radial stress (transmural) as the 3D stress vec¬ 
tor components. However, due to the organization and orienta¬ 
tion of the myofibers, stress on the fibers is not identical to stress 
in the direction of the cardiac coordinate system [7]. There¬ 
fore, although ideally fiber stress is the best parameter to reflect 
afterload it is difficult to measure. Consequently, ventricular sys¬ 
tolic pressure is often used as a surrogate for afterload. How¬ 
ever, this is a gross simplification as pressure is only one of sev¬ 
eral parameters in the Laplace formula. An acute increase in 
systolic pressure will result in an acute increase in wall stress 
but chronic pressure loading will cause concentric ventricu¬ 
lar remodeling. This reduces wall stress and thus afterload [8]. 
As cavity size influences wall stress, ventricular dilatation in 
the absence of a concentric hypertrophic response increases 
afterload [9,10]. The diminished mass-to-volume ratio increases 
fiber stress throughout systole. As such, depressed contractility 
resulting in LV dilatation increases afterload even when blood 
pressure is normal or reduced. Because of concentric remodel¬ 
ing, it is important to distinguish between chronic pressure load¬ 
ing and changes in afterload. 

Beyond preload and afterload, heart rate is an important 
determinant of cardiac performance. Up to a point, an increased 
heart rate enhances the force of ventricular contraction. This 
phenomenon, termed the “force-frequency relationship,” is 


thought to be due to increased myocardial intracellular calcium 
concentrations at higher heart rates [11]. When the heart rate 
becomes too high (>180 beats/min for the adult heart), con¬ 
tractile force decreases again. In isolated muscle strips obtained 
from failing ventricles, the force-frequency response is blunted 
[12]. In the intact heart, the influence of the decreased dura¬ 
tion of ventricular filling at high heart rates opposes the force- 
frequency effect on cardiac output. Nevertheless, the effect of 
heart rate on contractility should be taken into account when 
interpreting ventricular function. 

Intrinsic contractility refers to the ability of the cardiac mus¬ 
cle to generate force and to shorten independent of preload, 
afterload, and heart rate. In the isolated myocardial fiber, 
increased contractility results in a higher shortening velocity 
and total shortening. In the past, several attempts have been 
made to transfer this physiologic concept to the intact in vivo 
beating heart. However, measuring intrinsic contractility inde¬ 
pendent from loading conditions and heart rate is extremely 
difficult. Hence, loading conditions influence the vast majority 
of echocardiographic parameters used to assess cardiac func¬ 
tion. Invasive recording of pressure-volume loops combined 
with preload manipulation can provide information on intrin¬ 
sic myocardial contractility but this is an invasive technique not 
routinely used for clinical follow-up [13,14]. 

Echocardiographic assessment of left 
ventricular systolic function 

A wide variety of echocardiographic measurements have been 
proposed as indices of LV function. One group of measure¬ 
ments is based on changes in chamber size or wall dimen¬ 
sions during systole, including fractional shortening, ejection 
fraction, and myocardial deformation. A second group of mea¬ 
surements is based on Doppler and includes timing measure¬ 
ments such as peak dP/df, the myocardial performance index 
and velocity measurements such as peak systolic tissue Doppler 
velocities. Most echocardiographic parameters quantify global 
myocardial function and assessment of regional or segmental 
myocardial function has traditionally been based on subjective 
scoring of regional wall motion. More recently techniques such 
as measurement of tissue velocities and myocardial deforma¬ 
tion or strain imaging, allow quantification of regional myocar¬ 
dial function, although they are also used in the assessment of 
global ventricular function. Regional wall motion abnormali¬ 
ties are very common in ischemic heart disease, but can also 
be detected in cardiomyopathies, valvar disease, and congeni¬ 
tal heart disease. These methods also allow investigation of seg¬ 
mental interaction and especially the coordination of contrac¬ 
tion between different segments, which is an important determi¬ 
nant of optimal global pump performance. Mechanical dyssyn- 
chrony can result from electrical conduction delays such as left 
bundle branch block or from regional myocardial dysfunction. 
Mechanical dyssynchrony causes mechanical inefficiency and 
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can contribute to ventricular dysfunction and heart failure. It can 
be studied by measuring the timing of systolic mechanical acti¬ 
vation in different myocardial segments by various techniques 
including color tissue Doppler or myocardial deformation [15]. 
In appropriately selected cases, cardiac resynchronization ther¬ 
apy can result in improvement of cardiac function in adults as 
well as in children [16]. 

The timing of contraction is important for effective cardiac 
performance. In the normal heart, force development starts 
prior to ejection and peaks in the first l/3rd of systole. The 
time between electrical activation and the opening of the semilu¬ 
nar valve is called the pre-ejection period and the time between 
opening and closing of the semilunar valve the ejection phase. 
Echocardiographic systolic measurements can measure the pre¬ 
ejection phase (pre-ejection period, isovolumic acceleration) but 
most echocardiographic parameters are measured during ejec¬ 
tion and are ejection phase parameters (e.g., ejection fraction). 
The potential advantage of pre-ejection parameters is that they 
are less dependent on afterload compared with ejection phase 
parameters. 

When using functional parameters in clinical practice and in 
research, the feasibility, reliability and accuracy of the measure¬ 
ments should be considered. Th e feasibility of a measurement 
reflects whether a measurement is technically possible. For 
example, due to limitations in echocardiographic windows, 
the feasibility of a 3D volumetric acquisition is generally lower 
than a 2D acquisition, especially in obese or postoperative 
patients with poor ultrasound windows. Measurement feasi¬ 
bility is determined by technical limitations. The reliability of 
a measurement is represented by its reproducibility. When the 
same measurement is repeated by the same observer, this is 
the intraobserver variability, which is generally lower than the 
interobserver variability, that is, the variability between different 
observers. Knowing the variability of a measurement is crucial 
to be able to interpret when a measurement difference can be 
considered as reflecting a true change in function (minimal 
relevant difference) versus when measurement differences arise 
from variability alone. For example, if a 10% decrease in ejec¬ 
tion fraction is measured by the biplane Simpsons method, the 
measurement variability must be known in order to determine 
whether this difference is related to measurement variability or 
whether this reflects a true change in function. Measurement 
variability can be reduced by standardization of acquisition and 
analysis techniques. The published quantification guidelines 
can be used as an important tool for standardizing scanning 
protocols and measurements. However, each echocardiographic 
laboratory should ideally define standard scanning protocols 
and evaluate its own reliability. The accuracy of a measurement 
reflects whether the measurement indicates what it is supposed 
to measure. The accuracy of a measurement can be determined 
by validating the technique against a gold-standard method. For 
example, the validation of FV echocardiographic 3D volumetric 
measurements against volumetric measurements derived from 
the “gold-standard” of magnetic resonance imaging (MRI). 


Systolic function derived from dimensional 
changes 

Fiber shortening during ejection results in displacement of 
blood and dimensional changes both within the cavity and 
within the myocardial walls. Traditionally, the assessment of 
global systolic function has been based on measuring changes 
in ventricular size and volume during the systolic ejection phase 
from apical and short-axis views. Measurement of dimensional 
changes can be based on ID (M-mode), 2D (biplane Simp¬ 
sons method), and more recently, 3D measurements (Table 7.1). 
The American Society of Echocardiography (ASE) has published 
separate guideline papers on the quantification of chamber sizes 
and dimensions in the adult [17] and pediatric age groups [18]. 
There are no specific guidelines for adults with congenital heart 
disease. 

LV dimensions and shape representing 
LV remodeling 

FV dysfunction is commonly associated with FV remodeling 
and measurement of FV dimensions should be a routine part 
of systolic functional assessment. Typically, progressive FV dys¬ 
function causes FV dilation, which is a mechanism for main¬ 
taining stroke volume, as a larger ventricle needs to contract 
less to pump the same blood volume. FV dilatation causes a 
more spherical FV wall configuration, which results in increased 
wall stress or afterload, especially in the apical segments. There¬ 
fore, diagnosis of FV dysfunction requires investigation of FV 
dimensions and remodeling. Typically, this involves measur¬ 
ing the FV end-diastolic dimension (FVEDD z-score) and the 
FV septal and posterior wall thickness (FVPWT z-score) from 
a parasternal short-axis view using M-mode or 2D measure¬ 
ments (Figure 7.4). The FV length can be measured from an 
apical 4-chamber or subcostal long-axis view. Derived parame¬ 
ters include the sphericity index and the thickness-to-dimension 
ratio. The sphericity index can be defined as the FV minor or 
short-axis dimension divided by the FV major axis dimension or 
FV length. At end-diastole this parameter is normally 0.6-0.7 but 
approaches 1 as the ventricle becomes more spherical as typically 
occurs in dilated cardiomyopathy [19]. In patients after anthra- 
cycline exposure the thickness-to-dimension ratio has been 
described to change before variations occur in myocardial per¬ 
formance thereby reflecting myocardial remodeling [20]. Pro¬ 
gressive FV dilatation, wall thinning and a more spherical con¬ 
figuration represent unfavorable ventricular remodeling while 
the opposite is seen in reverse remodeling. These parameters can 
be useful in defining disease progression. 

Dimensional changes in systole representing 
LV performance 

The most commonly used parameters for assessing left ven¬ 
tricular function are based on changes in chamber size from 
end-diastole to end-systole. End-diastole is best defined as the 
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Table 7.1 Left ventricular systolic function derived from dimensional changes 



Strengths 

Weaknesses 

Dimensional changes 

Shortening fraction by M-mode 

• Ease of measurement 

• 

• 

• 

• 

• 

Only reflects basal regional function 

Influenced by abnormal septal motion 

Does not measure longitudinal shortening 
Load-dependent 

Geometry-dependent 

Shortening fraction by 2DE 

• Less dependent on probe positioning on chest 
and angulation than M-mode 

• 

• 

• 

• 

• 

Reflects basal regional function 

Influenced by abnormal septal motion 

Does not measure longitudinal shortening 
Load-dependent 

Geometry-dependent 

Ejection fraction by biplane Simpson 

• Is a global parameter as it takes regional function 
into account 

• 

• 

Endocardial border detection can be challenging 
Load-dependent 

Ejection fraction by 5/6 area* length 

• Endocardial border detection in short axis easier 
than biplane Simpson method 

• 

• 

Geometry-dependent 

Load-dependent 

Ejection fraction by 3DE 

• More accurate than 2DE EF methods 

• 

Load-dependent 

MAPSE by M-mode 

• Ease of measurement 

• Measures longitudinal function 

• 

• 

Load-dependent 

Influenced by valve regurgitation 

Vdc 

• Relatively preload-independent 

• 

• 

Based on geometric assumptions 
Afterload-dependent 

2DE, two-dimensional echocardiography; 3DE, three-dimensional echocardiography; MAPSE, mitral annular plane systolic excursion; Vfcfc, velocity of 
circumferential fiber shortening corrected for heart rate. 


image frame before mitral valve closure and end-systole as the 
frame before mitral valve opening. M-mode echocardiography 
was one of the first techniques available for assessing LV dimen¬ 
sion changes. Either a long-axis or short-axis cut through the LV 
just below the mitral valve leaflet tips is obtained. A short-axis 
cut is our method of choice as it is easier to evaluate whether the 
imaging plane is truly perpendicular to the LV long axis with 
the LV appearing as a circular structure in systole and the RV 


projecting anteriorly to the LV (Ligure 7.4). This requires an 
optimal parasternal position of the transducer with a scanning 
plane perpendicular to the plane of interest. M-mode echocar¬ 
diography has the advantage of having a very high temporal res¬ 
olution compared to 2D imaging. The spatial resolution of 2D 
echocardiography, however, is better. Two-dimensional imag¬ 
ing allows for direct assessment of the segments being mea¬ 
sured, and it also has the ability to evaluate for in-plane motion 



Figure 7.4 M-mode calculation of LV 
shortening fraction. From an M-mode 
obtained at the basal level of the left ventricle 
just distal to the mitral valve leaflet tips, LV 
end-diastolic and end-systolic dimensions can 
be measured and shortening fraction can be 
calculated. 
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artifact. Therefore, the American Society of Echocardiography 
pediatric guideline recommendations call for using a 2D short- 
axis view at the level of the papillary muscles for the measure¬ 
ment of LV cavity dimensions [18]. Most normal reference data, 
however, are based on M-mode measurements, and we employ 
both M-mode and 2D in our laboratory. Shortening fraction 
(SF) is defined as the percent change in left ventricular dimen¬ 
sion from end-diastole to end-systole based on either M-mode 
or 2D imaging acquired just below the level of the mitral valve 
leaflet tips. SF represents the degree of apposition of the basal 
FV posterior wall to the basal ventricular septum. As the mitral 
valve cannot be viewed on the short-axis cut, the left ventricu¬ 
lar cavity is measured at the end of diastole defined as the onset 
of the QRS-complex (left ventricular end-diastolic dimension, 
FVEDD) and at end-systole, which is the closest point of appo¬ 
sition between the septum and the posterior wall (left ventricu¬ 
lar end-systolic dimension, FVESD). Shortening fraction (SF) is 
expressed as a percent and is calculated as: 

SF% = (FVEDD - FVESD)/FVEDD X 100. 

Shortening fraction normally varies between 28 and 38%. Val¬ 
ues below 28% suggest reduced systolic FV function, while val¬ 
ues above 38% indicate hyperdynamic FV function. The popu¬ 
larity of this measurement (in particular the M-mode measure¬ 
ment) is largely due to the ease with which it can be obtained. 
There are, however, important limitations to its use. One limita¬ 
tion is that SF reflects thickening of the basal part of posterior 
wall and ventricular septum and thus by definition is a regional 
parameter which is used to assess global FV function. Thus SF 
only reflects global pump function in the absence of regional 
wall motion abnormalities. However, the basal ventricular sep¬ 
tum in particular can be influenced by different factors. A typical 
example is the septal dyskinesia in the presence of right ventricu¬ 
lar volume loading (as occurs in atrial septal defects). This can be 
associated with a paradoxical systolic motion of the ventricular 
septum, which moves away from the posterior wall during sys¬ 
tole (Figure 7.3). In this instance SF cannot be used to assess FV 
systolic function. Similarly, immediately after cardiopulmonary 
bypass, septal hypokinesia or dyskinesia are common findings, 
and SF often underestimates true FV systolic performance in 
the immediate postoperative period. When regional myocar¬ 
dial function is preserved in the septum and posterior walls but 
reduced in other segments, SF overestimates global FV perfor¬ 
mance. Fikewise, SF mainly reflects circumferential fiber short¬ 
ening and as such does not account for longitudinal shorten¬ 
ing. Foading conditions should also be taken into account when 
interpreting SF measurements. As an ejection phase parameter, 
SF is influenced by changes in volume and pressure loading. Vol¬ 
ume loading will generally result in increased SF. In the pres¬ 
ence of chronic mitral or aortic regurgitation, a normal - and 
certainly a reduced - SF should be considered as a possible sign 
of underlying FV dysfunction. Increased afterload results in a 
decrease in SF. A typical example is a hypertensive crisis, which 


causes an acute increase in arterial pressure and FV afterload, 
which typically results in an acute reduction in SF. This is not 
due to intrinsic myocardial dysfunction but is related to changes 
in loading conditions. Decreasing the blood pressure will often 
result in a complete normalization of pump performance. An 
additional limitation is the dependency of SF measurements on 
FV geometry. Typically FV hypertrophy without FV dilatation, as 
occurs in hypertrophic cardiomyopathy, results in a smaller FV 
cavity. In this context, changes in FV dimensions during systole 
result in overestimation of FV systolic function. Thus, in addi¬ 
tion to loading conditions, geometry should also be accounted 
for when interpreting SF. Data are available on the reliability 
of SF measurements. In a multicenter study, Fipshultz et al. 
compared M-mode measurements obtained in local laboratories 
with core lab measurements [21]. They found the highest inter¬ 
class correlations for FV end-diastolic dimension (ICC 0.97) but 
a lower value for SF (ICC = 0.64). This is not surprising as 
SF measurements are based on measurement of two parame¬ 
ters (end-diastolic and end-systolic dimension) increasing mea¬ 
surement variability. Geelhoed et al. demonstrated that rigorous 
standardization can significantly improve measurement repro¬ 
ducibility to yield a high ICC and narrow limits of agreement 
between two observers. No validation studies of 2D measure¬ 
ments are available, although a study in patients with dilated 
cardiomyopathy showed that measurement of dimensions 
were generally more variable compared with measurement of 
areas [22]. 

A second parameter based on measurement of dimension 
changes is the measurement of FV ejection fraction (EF); 
defined as the percentage change in FV volume from end- 
diastole to end-systole. Its calculation requires measurement of 
FV volumes: 

EF(%) = (FVEDV - FVESV)/LVEDV X 100 

where FVEDV is the FV volume at end-diastole and FVESV the 
FV volume at end-systole. 

FV volumes can be calculated by various methods. The first 
is based on measurement of FV dimensions using M-mode 
echocardiography. Quinones et al. [23] proposed a simplified 
formula to calculate EF by measuring internal FV dimensions 
and based on simplified geometrical assumptions of FV shape. 
This method has all the limitations of M-mode echocardiog¬ 
raphy outlined in the previous paragraph; the most important 
being that it measures changes in only two segments. The pedi¬ 
atric guidelines recommend two different methods based on 2D 
echocardiography to measure FV volumes and EF. The method 
most commonly used and also recommended by the American 
Society of Echocardiography adult guidelines is the modified 
Simpsons or disk summation method [24,25]. In this method 
two orthogonal planes from the apical view are used (apical 4- 
chamber and apical 2-chamber view). The FV is divided into a 
number (n) of cylinders or disks of equal height. The height of 
each cylinder is determined by dividing the total length of the 
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Figure 7.5 Biplane modified Simpsons calculation of LV ejection fraction. In the apical 4- and 2-chamber views, the endocardial borders are manually 
traced. End-diastolic volume, end-systolic volumes and ejection fraction are calculated using the modified Simpsons algorithm. 


LV cavity (L) by the number of cylinders (Lin). The volume of 
each cylinder is calculated from the diameter of the cylinders (ai 
and bi) obtained in the two planes. The LV volume is the sum of 
the volumes of the individual cylinders using the formula: 

V = ju/4 ^(ai X bi) x L/n. 

The summation of discs method is probably the most reliable 
for calculating ejection fraction, but also the most time consum¬ 
ing in clinical practice because it requires LV endocardial bor¬ 
der tracing at end-diastole and end-systole in two apical views 
(Figure 7.5). In patients with poor echocardiographic windows 
and also in severely dilated ventricles, endocardial border detec¬ 
tion and tracing can be challenging. The LV lateral and anterior 
walls can be especially difficult to trace. This influences both 
the feasibility and the reliability of this method. Other simpli¬ 
fied methods for calculating LV volumes are the bullet, or area- 
length, method. This method is possibly more reproducible than 
the biplane Simpsons method, but it is influenced by changes 
in LV shape. The area-length method requires measuring the 
short-axis basal LV area and the LV length. The LV basal area 
can be obtained from a parasternal or subcostal short-axis view 
(Figure 7.6). LV length can be measured from the apical 


4-chamber or the subcostal long-axis views. LV volume can then 
be calculated using the formula: 

LV volume = 5/6 X short-axis basal area X LV length. 

The measurements need to be repeated in end-diastole and 
end-systole. The preferred method for measurement of LVEF is 
currently uncertain and largely dependent on individual labo¬ 
ratory experience. For both methods optimal 2D images of the 
LV are required and foreshortening of the LV cavity should be 
avoided. Generally, the variability of the measurements is within 
the 10-15% range. A reduction in EF of >10% in the normal 
range (>55%) and >5% if <55%, is considered clinically signif¬ 
icant. Automated border detection algorithms have been devel¬ 
oped to reduce measurement variability arising from manual 
border tracing [26,27]. These methods utilize the differences in 
ultrasound reflective properties between blood and tissue. Both 
Kimball [28] and Mahle [29] have shown that this method can 
also be used in children with hypoplastic left heart syndrome to 
evaluate right ventricular function through the different stages 
of palliation. 

The more recent versions of the automated methods are 
based on STE technology and use apical 4-chamber, 2-chamber, 
and 3-chamber views (Figure 7.7). In adults, these automated 
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Figure 7.6 Area-length method for 
calculation of LV ejection fraction. In this 
method LV basal areas are measured from the 
subcostal or parasternal basal short-axis views 
while LV length can be measured from the 
apical 4-chamber or subcostal long-axis views. 
The measurements are obtained in end-systole 
and end-diastole and ejection fraction is 
calculated using the 5/6 area-length formula. 



Figure 7.7 Automated border-detection 
methods for LV EF calculations. Instead of 
manual tracing of the borders in the apical 2- 
and 4-chamber views, an automated 
border-detection method is used to calculate 
LV volumes and ejection fraction. 
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methods significantly reduce interobserver variability and post¬ 
processing times [30]. Three-dimensional echocardiography has 
recently been introduced and the availability of high-frequency 
matrix transducers allow the acquisition of high-resolution full 
volumetric datasets in children [31]. The analysis of 3D datasets 
for EF is currently based on automated border detection meth¬ 
ods with manual correction thereby reducing measurement vari¬ 
ability and increasing accuracy, as measurements are not based 
on geometric assumptions (Video 7.3). LV 3D volumes have also 
been demonstrated to be more accurate than 2D when compared 
with LV volumes measured by MRI [32]. The advantage of 2D 
and 3D EF calculations is that they account for regional wall 
motion abnormalities and are the methods of choice so long as 
image quality is adequate. However, it should be remembered 
that whatever method is used, EF is load-dependent and 2D- 
based methods especially are dependent on ventricular geom¬ 
etry [33-36]. 

Longitudinal LV function 

Because fractional shortening mainly assesses circumferential 
fiber shortening, a separate assessment of longitudinal fiber 
shortening provides additional information on LV function. In 
the normal LV, the circumferentially oriented fibers predom¬ 
inate over the longitudinal fibers and short-axis shortening 
exceeds long-axis shortening. Therefore, LV sphericity normally 
decreases during contraction as the LV short axis decreases more 
than its long axis. Long-axis function is, however, an important 
contributor to LV ejection and global function. As subendocar¬ 
dial fibers contribute to longitudinal contraction, subendocar¬ 
dial dysfunction or fibrosis will affect longitudinal LV function 
more than circumferential contraction. Pressure loading also 


affects longitudinal function more than circumferential func¬ 
tion. Both factors probably explain why patients with aortic 
valve stenosis have more significant abnormalities in longitudi¬ 
nal than radial function [37]. Different techniques can be used 
to quantify longitudinal LV function. The easiest measurement 
is the displacement of the mitral valve annulus, also called 
mitral annular plane systolic excursion (MAPSE). MAPSE can 
be obtained from the apical 4-chamber and 2-chamber views by 
M-mode echocardiography (Figure 7.8). An M-mode cursor can 
be placed through the lateral, septal, anterior and/ or posterior 
walls [38]; although generally either the septum or the lateral 
walls are preferred. The systolic excursion is measured from the 
lowest point in diastole to aortic valve closure. In adults, MAPSE 
ranges between 10 and 15 mm and a value <8 mm is considered 
abnormal. MAPSE is heart-size dependent and unfortunately 
pediatric normal values are not available limiting its use in 
younger children. In patients with increased LV afterload, 
including arterial hypertension and aortic stenosis, reduced 
longitudinal function can be present despite a preserved ejection 
fraction, suggesting that reduced longitudinal function may be 
an early sign of ventricular dysfunction. Diseases associated with 
increased mass-to-volume ratio (such as arterial hypertension, 
aortic stenosis or hypertrophic cardiomyopathy) are associated 
with increased short-axis shortening and decreased long-axis 
function. MAPSE is load-dependent, is influenced by valve 
regurgitation and by translational motion as the heart moves 
in the chest during contraction. Newer methods such as tissue 
Doppler and longitudinal strain measurements also provide 
measurements of LV longitudinal function and will be discussed 
later in this chapter. For a complete LV functional assessment, at 
least one of these techniques to assess longitudinal LV function 
should be performed. 



Figure 7.8 Mitral annular plane systolic 
excursion (MAPSE). An M-mode cursor is 
placed through the mitral annulus aligned 
with the longitudinal motion of the annulus 
during systole. The excursion of the annulus 
during systole is measured. We use color tissue 
Doppler to help with the timing of the 
measurements. 
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Correcting dimensional changes for afterload 

To overcome some of the problems associated with load- 
dependency of SF and EF, methods correcting dimensional 
changes for afterload have been developed. One of these mea¬ 
sures the velocity of circumferential fiber shortening (Vcf), 
that is, the velocity of LV dimension change during ejection cal¬ 
culated by dividing the FS by the LV ejection time (VCF = FS/ 
Ejection time). Therefore, Vcf is an estimate of the average rate 
of change of the LV diameter per unit of time. Typically, ejec¬ 
tion time is calculated from an M-mode through the aortic valve 
thereby utilizing the very high temporal resolution of M-mode. 

This measurement reflects the speed at which shortening 
occurs. As a timing parameter, it has to be corrected for heart 
rate which can be done by dividing the SF measurement by the 
square root of the preceding R-R interval (Bazetts correction). 

VcFc = [(SF)/(ET)] divided by (RR) 0 - 5 
= [(SF) x (RR)°' 5 ]/(ET). 

The corrected Vcfc is relatively insensitive to preload changes 
but is influenced by afterload [39]. If corrected for afterload, 
Vcfc can be used as a parameter of contractility. Colan et al. 
[39] used this principle and calculated end-systolic meridional 
wall stress (longitudinal) as a measure of afterload. Wall stress is 
defined by the formula: 

ESWS (g/cm 2 ) = [(1.35) (Pes) (LVESD)]: 

[(4) (hes) (1 + hes/LVESD)] 

where Pes is end-systolic pressure (in mmHg), LVESD is the 
LV end-systolic internal diameter (in cm) and hes is the LV 
end-systolic posterior wall thickness. In the original descrip¬ 
tion of the methodology, ventricular dimensions were obtained 
from an M-mode through the LV. The challenging part of this 
method is defining LV end-systolic pressure. The forearm sys¬ 
tolic and diastolic blood pressures were measured and using 
a tonometry device the carotid pulse tracing was recorded 
together with the M-mode tracing. On the carotid tracing, the 
dicrotic notch caused by aortic valve closure identifies end- 
systole. End-systolic blood pressure could then be extrapolated 
on the indirect arterial pressure waveform by measuring the 
height from the baseline to the dicrotic notch. A phonogram- 
derived signal is superimposed on the M-mode image and 
the end-systolic LV dimension and posterior wall thickness 
are measured at aortic valve closure (first component of the 
second heart sound). Colan et al. [39] found a linear nega¬ 
tive correlation between Vcfc and end-systolic meridional wall 
stress and published the normal range of the Vcfc and end- 
systolic wall stress relationship. Abnormal LV contractility is 
defined as values for wall stress versus Vcfc below the nor¬ 
mal expected range. While conceptually sound, the complex¬ 
ity of the measurements and other fundamental methodological 
limitations probably explain why this method never became a 


standard echocardiographic technique and has remained mainly 
a research tool. One of the assumptions is the linearity of the 
Vcfc-wall stress relationship, which has been questioned, espe¬ 
cially in younger children [40,41]. Gentles et al. demonstrated 
that wall stress, as calculated by the formula, misrepresents after¬ 
load in children and young adults with abnormal left ventricu¬ 
lar geometry [42]. In that study wall stress was compared to fiber 
stress. Likewise, efforts have been made to reduce the complexity 
of the measurements. A simplified method was proposed using 
mean arterial pressure instead of end-systolic pressure [41]. This 
facilitates its clinical integration in the echocardiography labo¬ 
ratory, but scientific evidence is lacking that afterload correction 
actually helps in better predicting clinical outcomes. 


Blood pool Doppler indices of ventricular 
function 

Methods measuring ventricular dimensions for assessing func¬ 
tion are geometry-dependent which limits their use in con¬ 
genital heart disease and in growing children. Doppler meth¬ 
ods are attractive, as they are not influenced by ventricular 
geometry or morphology. Various Doppler-based methods for 
assessing cardiac function have been proposed (Table 7.2). The 
first is echocardiographic estimation of dP/dt. The peak veloc¬ 
ity in pressure rise occurs very early after electrical activation 
mainly during the isovolumic contraction period and reflects 
how rapidly pressure builds in the LV cavity. Peak dP/dt can 
be measured invasively by calculating the first temporal deriva¬ 
tive of the ventricular pressure curve. As it occurs during the 
isovolumic contraction period when the aortic valve is still 


Table 7.2 Blood pool Doppler indices of left ventricular function 


Strengths Weaknesses 

Blood pool Doppler indices 

dP/df • Geometry-independent 

• Afterload-independent 


PEP/ET • Geometry-independent 


Myocardial • Geometry-independent 

performance 

index (MPI) 

Systolic/Diastolic • Geometry-independent 

(S/D) duration 

ratio 


dP/dt, ratio of change in pressure over change in time; PEP/ET, ratio of 
pre-ejection period over ejection time. 


• Preload-dependent 

• Clear continuous-wave 
Doppler tracing 
required 

• Very short time interval 
limits reproducibility 

• ET is 

afterload-dependent 

• Conduction delay 
prolongs PEP 

• Measures both systolic 
and diastolic function 

• Load-dependent 

• Heart rate-dependent 
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Figure 7.9 Measurement of dP/dt measured 
by obtaining a mitral regurgitant jet 
continuous-wave Doppler. The time it takes 
for the velocity to go up from 1 m/s to 3 m/s is 
measured and this time difference is used to 
calculate dP/dt. 


closed, it is afterload-independent but is influenced by ventric¬ 
ular size and preload. Two different echocardiographic meth¬ 
ods have been proposed to estimate dP/dt. The first requires a 
continuous-wave (CW) Doppler tracing of the mitral regurgi¬ 
tation jet and measures the mean increase in mitral regurgitant 
Doppler velocity (Figure 7.9). As LA pressure does not change 
significantly during the isovolumic contraction period, the rise 
in mitral regurgitation velocity during this period reflects dP/dt. 
The method consists of measuring the time interval between 
1 m/s and 3 m/s on the mitral regurgitation Doppler trace. The 
pressure difference between those two points is 32 mmHg as cal¬ 
culated by the Bernoulli equation. The dP/dt can then be calcu¬ 
lated as: 

dP/dt = 32 mmHg/time interval (s). 

For the normal LV, dP/dt is 1200 mmHg/s or higher. The 
method requires a clear CW tracing of the mitral regurgitation 
jet, which is not always available. Likewise, the calculation is 
dependent on the measurement of a very short time interval on 
a spectral Doppler signal, which influences its reproducibility. 
Although no good reliability data are available in pediatrics, 
Colan et al. showed that in general, the reproducibility of 
measuring time intervals is relatively poor [22]. An alternative 
method for calculating dP/dt is based on the measurement 
of the isovolumic contraction time (ICT) [43]. The pressure 
difference between the aortic diastolic pressure and the LV 
end-diastolic pressure reflects the pressure rise during the ICT. 
Diastolic pressure can be measured by blood pressure measure¬ 
ment and LVEDP is estimated at 5 mmHg for the calculation. 
ICT can be measured by blood pool Doppler or by tissue 
Doppler. 

Mean dP/dt = (aortic diastolic pressure - LVEDP)/ICT. The 
variability of this method seems low in patients with a single 
ventricle with an interclass correlation of 0.95 for interobserver 
variability [44]. The usefulness of this method requires further 
investigation, but in general dP/dt measurements seem to be 
too variable to be used in clinical practice. The main problem 
for both methods to calculate dP/dt is that they are based on 


the measurement of very short time intervals and a small mea¬ 
surement error will result in a large difference in the calculated 
dP/dt. 

Aortic blood flow velocities can be measured using pulsed- 
or continuous-wave Doppler signals through the ascending 
aorta or the left ventricular outflow tract. Systolic time inter¬ 
vals can be measured and used to assess ventricular function 
[45]. One of the indices that gained some interest is the ratio 
of the pre-ejection period (PEP) to the left ventricular ejection 
time (ET). The pre-ejection period is the time from the onset 
of the electrocardiogram QRS complex to the onset of ejection. 
This method is poorly validated in children and is very afterload- 
dependent, as ET is very sensitive to changes in afterload. Like¬ 
wise, the presence of conduction delays will prolong PEP. Cur¬ 
rently, this method is not widely used in clinical practice. 

The myocardial performance index (MPI) is another 
Doppler-based timing parameter that was introduced by Tei 
et al. as an index for global ventricular function combining sys¬ 
tolic and diastolic time intervals [46-48]. It measures the time 
the heart spends in isovolumic periods, adding the isovolumic 
contraction and relaxation time (ICT and IRT, respectively), and 
correcting the sum for the ejection time (ET). The formula is: 

MPI = (ICT + IRT)/ET. 

The time intervals can be calculated relatively easily using a 
pulsed Doppler trace placed at the region of fibrous continuity 
between the mitral and aortic valves that simultaneously cap¬ 
tures LV inflow and outflow (Figure 7.10). Systolic dysfunction 
results in prolongation of the ICT and shortens the ET. Early 
diastolic dysfunction (relaxation abnormality) prolongs the IRT. 
More advanced diastolic dysfunction and an increase in LV fill¬ 
ing pressures shortens the IRT. Normal MPI values for the left 
ventricle are 0.35 ± 0.03. Ventricular dysfunction generally pro¬ 
longs the MPI. The main advantage of this index is that it does 
not rely on geometric assumptions and thus can be used in 
patients with abnormal geometry [49,50]. One of its main limita¬ 
tions is that the MPI does not differentiate between systolic and 
diastolic dysfunction. Moreover, there is a paradoxical effect of 
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Figure 7.10 Measurement of myocardial performance index. A Doppler 
sample between the LV inflow and outflow is obtained. The time between 
mitral valve closure and mitral valve opening (a) and the ejection time (b) 
are measured. MPI can be calculated as (a - b)/b. 

increased filling pressures on MPI as more severe diastolic dys¬ 
function shortens the MPI while ventricular function is actually 
deteriorating. When patients are treated with diuretics, and fill¬ 
ing pressures are reduced in the context of heart failure, the MPI 
worsens even though the patient is clinically improving. MPI is a 
very general marker for cardiac dysfunction. It can be considered 
as the “C-reactive protein” of cardiac function: when abnormal, 
it indicates that something is wrong with ventricular function, 
which then needs further definition using other techniques. The 
second limitation is the load-dependency of the myocardial per¬ 
formance index as shown by Cheung et al. [51]. ICT, IRT, and 
ET are influenced by changes in preload and afterload, thereby 
affecting the MPI. In children this load-sensitivity did not seem 
to significantly influence MPI measurements when the effect of 


acute volume or pressure changes were evaluated [49]. Theo¬ 
retically, MPI should be very sensitive to almost any change or 
abnormality in contractility loading and relaxation. As a com¬ 
bined parameter the MPI has prognostic value. 

Doppler methods to assess timing of cardiac events have also 
been used to measure the ratio of systolic to diastolic duration 
(S/D ratio). This can be measured by obtaining a CW Doppler 
through the mitral valve regurgitation jet (Figure 7.11). The sys¬ 
tolic duration is defined by the duration of regurgitant flow and 
the diastolic phase by the diastolic inflow duration. As the ven¬ 
tricle becomes progressively dysfunctional, it spends more time 
in systole, which shortens diastole. Although ejection time gets 
shorter, the time the heart spends in systole (defined as the 
period of atrioventricular valve regurgitation) lengthens, result¬ 
ing in a shortened diastole (forward filling from opening to clo¬ 
sure of the atrioventricular valve). An elevated LV S/D ratio has 
been found in patients with restrictive and dilated cardiomy¬ 
opathy [52], and an elevated RV S/D ratio has been found in 
children with hypoplastic left heart syndrome [53] and in those 
with pulmonary hypertension [54]. The S/D ratio is heart rate- 
dependent and for the right ventricle normal values have been 
published recently for different heart rates [55]. Interestingly 
systolic duration shortens linearly with heart rate while the rela¬ 
tionship between diastolic duration and heart rate is exponen¬ 
tial. Shortening the inflow duration with progressive disease 
influences cardiac filling and through this mechanism reduces 
cardiac output. Further study of this method is needed in both 
children and adults. 

Problems with reliability of measuring Doppler-derived time 
intervals, dependency on the presence of high-quality Doppler 
traces, and the load and heart rate dependency of the methods 
limit the clinical use of blood pool-derived Doppler indices. 


Figure 7.11 S/D ratio. The ratio between the 
duration of systole and diastole can be 
calculated by obtaining a continuous-wave 
Doppler through the mitral regurgitant jet. 
Systolic duration is defined by the duration of 
the regurgitant jet. Diastolic duration is 
defined as the duration of mitral inflow. 
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Strengths 

Weaknesses 

Tissue Doppler indices 

Systolic annular tissue 

• Geometry-independent 

• 

Tissue velocities influenced by 

velocity (S') 


• 

cardiac translation and tethering 
Angle-dependent 



• 

Heart rate-dependent 



• 

Load-dependent 

Myocardial acceleration 

• Geometry-independent 

• 

Influenced by preload, especially 

during isovolumic 

• Relatively 


when filling pressures are increased 

contraction (IVA) 

afterload-independent 

• 

Very short time interval limits 


• Allows studying 


reproducibility 


force-frequency relationships 

• 

Angle-dependent 

Myocardial performance 

• Geometry-independent 

• 

Measures both systolic and diastolic 

index (MPI) by TDI 


• 

function 

Load-dependent 

Systolic/Diastolic (S/D) 
duration ratio 

• Geometry-independent 

• 

Heart rate-dependent 


Table 7.3 Tissue Doppler imaging for the 
evaluation of left ventricular myocardial 
function 


Tissue Doppler imaging for the evaluation of left 
ventricular myocardial function 

Most of the previously discussed methods indirectly assess 
myocardial function through dimension changes or blood pool 
Doppler time intervals. When assessing myocardial function, it 
makes sense to directly interrogate the myocardium and mea¬ 
sure how the cardiac muscle itself changes during the car¬ 
diac cycle. This became possible with the introduction of tis¬ 
sue Doppler and myocardial deformation imaging. In this sec¬ 
tion we will introduce tissue Doppler measurements (Table 7.3), 
while in the next section we will focus on myocardial deforma¬ 
tion, or strain, imaging. In a recent joint statement paper by the 
American Society of Echocardiography and the European Asso¬ 
ciation for Echocardiography, both technologies were described 
as “evolving techniques” [6]. The applications of tissue Doppler 
and strain imaging are evolving quickly, however, also in pedi¬ 
atric and congenital disease with increasing clinical use of these 
methodologies [56,57]. 

Tissue Doppler imaging (TDI), also known as Doppler 
myocardial imaging or myocardial velocity imaging, is a tech¬ 
nique that measures segmental myocardial velocities [58]. In the 
late 1980s and early 1990s, the use of adapted thresholds and fil¬ 
ters made it possible to distinguish between the poorly reflective 
and rapidly moving blood (range 50-150 cm/s) and the highly 
reflective and slower myocardium (3-25 cm/s). These tech¬ 
nical adaptations allowed interrogation of segmental myocar¬ 
dial velocities [59,60]. After its initial description, experimen¬ 
tal studies confirmed that, for normal myocardium, changes in 
segmental systolic velocities are closely linked to changes in con¬ 
tractility [61]. This resulted in numerous clinical studies inves¬ 
tigating the value of regional myocardial velocities in various 
diseases such as ischemic heart disease, aortic insufficiency, and 
hypertrophic cardiomyopathy [62,63]. 

The introduction of TDI into the comprehensive echocardio- 
graphic evaluation of children with acquired or congenital heart 
disease has also been enthusiastic. Tissue Doppler imaging pro¬ 
vides a geometry-independent quantitative measure of systolic 


and diastolic function that is easy to obtain and is highly repro¬ 
ducible [64]. Our group validated tissue Doppler measurements 
in children defining the feasibility and reliability using differ¬ 
ent ultrasound systems [65]. Myocardial velocities can be mea¬ 
sured with either pulsed-wave or color Doppler methodologies. 
For clinical use longitudinal velocities are measured at the mitral 
annulus or at the basal segments of the LV walls just below the 
annulus. With pulsed-wave TDI , a sample volume of 2-5 mm is 
placed within the myocardium. As translational cardiac motion 
is more pronounced in children, we prefer to place the sam¬ 
ple volume at the basal LV wall just below the mitral annulus. 
This reduces contamination by velocities from atrial motion. As 
with all Doppler techniques, the ultrasound beam should be well 
aligned with the direction of myocardial motion. The result¬ 
ing velocity waveform represents the peak instantaneous veloc¬ 
ity in that area throughout the cardiac cycle; providing a real¬ 
time display of myocardial velocities at high temporal resolution 
(250-300 frames/sec). The spatial resolution is limited because 
the myocardial wall moves in relation to a fixed sample volume. 
Likewise, only one sample volume can be placed at a given time, 
limiting the use of pulsed tissue Doppler. A normal pulsed-wave 
TDI trace obtained in the basal septum (Figure 7.12) is char¬ 
acterized by an initial short and sharp isovolumic contraction 
peak, followed by a systolic peak of longer duration that cor¬ 
responds to a base-to-apex motion of the myocardium during 
systole. This is followed by another brief isovolumic relaxation 
peak. The systolic events are followed by early and late diastolic 
waves. These reflect the opposite motion of the atrioventricu¬ 
lar valve plane towards the base in diastole when the LV fills. By 
convention, motion towards the transducer is represented as a 
positive wave and motion away from the transducer as a nega¬ 
tive wave. When well-standardized (e.g., sample volume, align¬ 
ment, etc.), pulsed tissue Doppler velocities are highly repro¬ 
ducible in adults as well as in children. Color Doppler myocar¬ 
dial imaging (CDMI) is a color Doppler technique measuring 
mean rather than peak velocities. Consequently, CDMI-derived 
myocardial velocities are 15-20% lower than pulsed-wave (PW) 
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Figure 7.12 Pulsed tissue Doppler tracing 
obtained in the basal part of the 
interventricular septum. A pulsed-wave 
Doppler sample is put into the basal segment. 

Different velocities can be measured: peak 
early systolic (s'), peak velocity during the 
isovolumic contraction period (IVV), early 
diastolic velocity (e')> and diastolic velocity 
during atrial contraction (a'). 

Doppler velocities in the same segment [66]. As for blood pool 
Doppler imaging, myocardial motion towards the transducer 
is coded red, while motion away from the transducer is coded 
blue. Using post-processing software, myocardial velocity curves 
can be obtained anywhere in the myocardium (Figure 7.13). As 
for PW Doppler, the ultrasound beam should be well aligned 
with the direction of myocardial motion. Reducing the sector 
width and decreasing the beam density enables higher tempo¬ 
ral resolution and usually frame rates of >180 frames/s. An 
important advantage of CDMI is that velocities can be measured 


simultaneously in multiple myocardial segments, thereby allow¬ 
ing comparison of myocardial velocities between different 
myocardial segments in the same cardiac cycle. This can be 
useful in certain clinical applications such as the assessment of 
mechanical dyssynchrony. 

The velocity at which a myocardial segment moves is influ¬ 
enced by various factors and does not directly represent the seg- 
ments intrinsic myocardial contractility. First, tissue velocities 
are influenced by the overall motion of the heart in the chest 
during the cardiac cycle (cardiac translation). Second, in the 


Figure 7.13 Myocardial velocity profile 
measured in the lateral mitral annulus derived 
from color Doppler myocardial imaging. The 
curve represents the mean velocities in the 
sample volume placed in the myocardial 
velocity map. As on the pulsed Doppler tracing 
peak early systolic (s'), peak velocity during 
the isovolumic contraction period (IVV), early 
diastolic velocity (e'), and diastolic velocity 
during atrial contraction (a') can be measured. 
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presence of regional dysfunction, a healthy segment will pull 
on a noncontractile segment and cause it to move, even though 
the interrogated segment itself is not contracting (tethering). 
Third, as for most functional parameters, tissue Doppler veloc¬ 
ities are influenced by changes in loading: increased afterload 
will lead to decreased peak systolic tissue Doppler velocities, 
with the opposite effect following increased preload. Moreover, 
tissue Doppler velocities are regional measurements and vary 
with the direction of motion. Therefore, longitudinal velocities 
in the same segment differ from radial velocities. Even within the 
same direction of motion, myocardial velocities differ along the 
ventricular wall. Longitudinal velocities are higher in the basal 
segments and decrease progressively towards the apex, which 
remains almost stationary during the cardiac cycle [67]. Simi¬ 
larly, in the radial direction, myocardial velocities are higher in 
the endocardium compared with the epicardium [68]. Finally, 
tissue Doppler velocities are influenced by heart size and there¬ 
fore age- or body size-corrected reference values should be used. 
This is particularly important in pediatric patients. 

Clinical use of tissue Doppler velocities for the 
assessment of systolic function 

Given the aforementioned limitations of tissue Doppler imag¬ 
ing, as well as the subsequent development of myocardial defor¬ 
mation imaging, it is perhaps not surprising that clinical use 
of tissue Doppler velocities has lost some of its initial traction. 
Currently, tissue velocities are mainly used in the assessment of 
diastolic function and in the assessment of mechanical dyssyn- 
chrony, although even for this application its use is diminishing. 

Use of tissue Doppler velocities in children 

As tissue Doppler velocities are influenced by heart size, it 
became necessary to establish age-related normal reference val¬ 
ues in children [69-72]. Eidem et al. published the largest cohort 
of normal data, including 325 children of different ages [67]. 
These data showed that peak pulsed tissue Doppler velocities are 
influenced by LV end-diastolic dimensions and LV mass. This 
implies that ventricular size should be taken into account when 
interpreting a measurement. One of the problems of the pub¬ 
lished normal values is that the variability of the measurements 
resulted in a wide range of normal values, particularly in younger 
children. This can partially be explained by the retrospective 
data collection, which likely influenced measurement variability. 
Nonetheless, the wide variability of the published normal values 
significantly limits the diagnostic utility of tissue Doppler mea¬ 
surements in children as it substantially decreases the sensitiv¬ 
ity of the measurement to identify abnormal values. Our group 
tried to approach this problem using prospective standardized 
data collection. This substantially narrowed the normal range 
of values and also allowed us to study the relationship between 
tissue Doppler measurements and body size (see appendix). 
Loading conditions also influence tissue Doppler measurement. 
While initial studies suggested that tissue Doppler velocities 


were relatively load-independent [73], later experimental stud¬ 
ies demonstrated that acute changes in loading influence tissue 
Doppler velocities [74]. There are, however, important differ¬ 
ences between acute and chronic effects of volume and pressure 
loading. In chronic loading, cardiac remodeling can result in 
normalization of myocardial velocities. Studies including chil¬ 
dren with chronic volume and pressure loading documented 
only minimal changes in tissue Doppler velocities in patients 
with a ventricular septal defect or mild to moderate aortic steno¬ 
sis [75,76]. 

Performing measurements during the isovolumic contraction 
period avoids the influence of afterload and forms the basis 
for measuring myocardial acceleration during the isovolumic 
contraction period (IVA). This parameter was proposed as a 
relatively load-independent index of contractility. IVA is calcu¬ 
lated as the average rate of myocardial acceleration peak during 
the isovolumic contraction period (Figure 7.14) [77]. This veloc¬ 
ity peaks at a time when the myofibers develop force and likely 
reflects the velocity of LV shape change. As IVA occurs when 
the aortic valve is closed, it is afterload-independent. However, 
subsequent studies have shown it to be influenced by preload, 
particularly when filling pressures are increased [78]. As isovolu¬ 
mic contraction is a short-lived event (30-40 ms), measurement 
of IVA requires imaging at very high temporal resolution (>200 
frames/s). Typically we measure IVA in the basal segment of the 
LV lateral wall using a narrow-sector color tissue Doppler image. 
In experimental studies using pressure-volume loops, IVA has 
been validated as a sensitive, noninvasive index of LV contrac¬ 
tility which is relatively unaffected by load-dependency within 
a physiologic range [79]. As IVA is a rapid event and it requires 
measuring a slope, its measurement variability can be high. IVA 
is highly dependent on heart rate, which is thought to reflect 
the physiologic force-frequency relationship. Consequently, its 
measurement has been applied clinically to measure the force- 
frequency response using pacing [80] and supine bicycle exer¬ 
cise testing [81]. Due to its variability and heart rate dependency, 
the clinical utility of IVA is limited, and it is still predominantly 
used as a research tool. We do not routinely measure IVA in our 
clinical functional protocol but use it to study force-frequency 
relationship during exercise. 

As previously discussed, developments in myocardial defor¬ 
mation imaging and the limitations associated with the use of 
tissue Doppler measurements for the assessment of LV systolic 
function explain why use of systolic tissue Doppler velocities in 
the assessment of LV function is limited. We use systolic tis¬ 
sue Doppler velocities in the serial follow-up of several patient 
groups including children who have undergone heart transplant 
or those exposed to anthracyclines. If loading conditions are rel¬ 
atively similar, a decrease in peak systolic tissue velocity gen¬ 
erally indicates a change in ventricular performance. This may 
allow detection of more subtle changes in cardiac performance. 
In pediatric patients with cardiomyopathy, tissue Doppler veloc¬ 
ities have been shown to have prognostic value [82-84], but fur¬ 
ther prospective data are needed. 
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Figure 7.14 Measurement of myocardial 
acceleration during the isovolumic 
contraction period. This is measured from a 
color tissue Doppler-derived velocity tracing 
obtained in the basal part of the LV lateral 
wall. The acceleration is measurement as the 
mean acceleration (change in velocity divided 
by time of acceleration) of the IVV spike 
during the isovolumic period. 



Deformation imaging in pediatric and 
congenital heart disease 

As tissue Doppler velocities are influenced by global cardiac 
motion and translation, they do not accurately reflect seg¬ 
mental myocardial function. This is one of the major reasons 
why myocardial deformation imaging has largely replaced tis¬ 
sue Doppler measurements to assess systolic function. Myocar¬ 
dial deformation is measured by assessing segmental strain and 
strain rate. Strain is a dimensionless unit and represents the per¬ 
cent change in the dimension (deformation) of a myocardial 
segment. Typically end-systolic or peak systolic strain is mea¬ 
sured. End-systolic strain corresponds to the maximal defor¬ 
mation measured in a certain direction at the time of aortic valve 
closure, thereby representing deformation during the ejection 
period. Peak systolic strain is the highest strain value measured 
in the contractile cycle, which can be measured after aortic valve 
closure in the case of post-systolic shortening. Certain condi¬ 
tions are associated with persistent myocardial shortening and 
thickening in certain segments after the aortic valve closes. This 
phenomenon is more pronounced in the presence of regional 
differences in function (e.g., ischemic heart disease) and when 
afterload is increased (e.g., early aortic valve closure). Review of 
the mechanisms underlying post-systolic shortening or thicken¬ 
ing is beyond the scope of this chapter [85], but the differences 
between the two measurements are important when used clin¬ 
ically. Strain rate represents the velocity of deformation and is 
expressed as (/s). 

Peak systolic strain rate occurs early during the cardiac 
cycle in the normal heart as normally peak force develops 
in the muscle in the first third of the cardiac cycle. Strain 


is influenced by afterload while strain rate measurements 
more accurately reflect myocardial contractility [86]. During 
the cardiac cycle, myocardial segments deform in different 
directions (Figure 7.15). Deformation is generally studied in the 
conventional cardiac reference system measuring longitudinal, 
circumferential, and radial deformation. In the longitudinal 
direction, as measured from apical views, the wall shortens in 
systole and lengthens in diastole. By convention, shortening is 
expressed as a negative value. Hence, longitudinal systolic strain 
values are negative. Circumferential shortening (strain) during 
systole can be measured from short-axis views at different levels: 
the basal level (just below the mitral valve), the papillary muscle 
level, and at the apical level, and is expressed as a negative value. 
Cardiac rotation and torsion can also be measured from the 
short-axis view. Rotation at the base is predominantly clockwise 
while at the apex it is counterclockwise (Figure 7.16). Rotation 
is expressed in degrees. The net difference between apical and 
basal rotation is called torsion or LV twist [87]. Recoil is the 
opposite movement to rotation while untwist is the opposite 
motion to twist. 

Two different echocardiographic techniques allow measure¬ 
ment of regional myocardial deformation or strain. The initial 
technique was based on the calculation of tissue Doppler veloc¬ 
ity gradients (TDI-based strain techniques) while more recent 
techniques are based on grayscale imaging using STE tech¬ 
nology. Tissue Doppler-derived strain calculation measures the 
velocity gradient from the base to the apex in the longitudinal 
direction and from endocardium to epicardium in the radial 
direction [68,88]. Regional strain rate can be measured as 
the velocity difference between two segments of myocardium 
divided by the distance between them (= area of computation). 
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Figure 7.15 Myocardial strain calculations in different directions. Using speckle-tracking technology, LV circumferential, radial, and longitudinal 
myocardial deformation can be measured in the different myocardial segments. Global strain in a certain direction (such as global longitudinal stain) 
represents the average of the end-systolic strain measurements. In each segment end-systolic strain measurements are obtained and the number is 
represented on the segment. For each analysis strain curves are generated. 

When integrating the strain rate curve over time, regional 
myocardial strain can be measured based on the strain rate 
curves (Figure 7.17). In pediatrics we use computational dis¬ 
tances of 4-5 mm in the radial direction and 8-9 mm for the 
longitudinal direction. The tissue Doppler-based technique has 


all the disadvantages of conventional Doppler techniques, par¬ 
ticularly the angle-dependency which increases measurement 
variability. This also limits the number of segments that can 
be analyzed for radial strain. Measurement of circumferential 
strain by tissue Doppler is possible but is prohibitively difficult 



Figure 7.16 Myocardial rotation. From short-axis views obtained at the LV and apex, myocardial rotation can be quantified. By convention, clockwise 
rotation is negative and counterclockwise rotation is positive. At the base there is an early counterclockwise rotation followed by a clockwise rotation 
during ejection. The apical rotation is counterclockwise during systole. End-systolic rotation can be measured as well as derived parameters like rotation 
rate and recoil rate. Twist is the difference between apical and basal rotation. 
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Figure 7.17 Strain measurements obtained from 
color tissue Doppler imaging. Velocity gradients 
can be measured in a myocardial segment, 
which represent myocardial strain rate; temporal 
integration of the myocardial strain rate curves 
represents myocardial strain. This method is 
angle-dependent and more variable compared 
with the speckle-tracking method, which has 
become the method used more commonly in 
clinical practice. 



to allow its use in clinical practice. Furthermore, post-processing 
can be time consuming. Strain rate curves are based on veloc¬ 
ity curves and tend to be very noisy which complicates identi¬ 
fication of peak values. The advantage of tissue Doppler-based 
analysis is the very high frame rates which facilitate more accu¬ 
rate measurements; this is particularly important for strain rate 
calculations. Accordingly, strain rate measurements are approx¬ 
imately twice as high on tissue Doppler-derived images com¬ 
pared with speckle-tracking analysis [89]. Another limitation 
is that TDI-derived calculations allow strain to be calculated 
in only one direction (unidimensional). Since 2004, deforma¬ 
tion imaging has become clinically more accessible with the 
introduction of 2D STE. This method is based on 2D grayscale 
imaging where myocardial deformation is measured by track¬ 
ing myocardial reflectors (i.e., speckles) in a myocardial segment 
through the cardiac cycle. Myocardial deformation is then cal¬ 
culated based on the motion of the speckles (Figure 7.18). Dif¬ 
ferent software packages are available to calculate myocardial 
deformation parameters using semi-automated tracking algo¬ 
rithms. As STE is a 2D technique, it is not angle-dependent and 
deformation can be derived in two dimensions from the same 
image. Hence longitudinal and radial (transverse strain) can 
be calculated from the apical views, while circumferential and 
radial strain, as well as rotation and torsion, can be ascertained 
from the short-axis views (Videos 7.4 and 7.5). Averaging 


the regional values for the 17 LV segments from the api¬ 
cal views results in global longitudinal LV strain. Compared 
to TDI-derived strain, speckle-tracking methodologies require 
less post-processing time and the software is generally more 
user-friendly. The frame rates currently are between 50-100 
frames/s. Our group has demonstrated that in children, mea¬ 
surement reliability is good for longitudinal and circumferen¬ 
tial strain (between 10-15%), but radial strain measurements are 
less reproducible and on some systems are highly variable [89]. 
We also noted differences between different vendors when the 
same measurement is repeated in the same subject using dif¬ 
ferent ultrasound systems and analysis software. These differ¬ 
ences are probably due to technical variability in the analysis 
algorithms used. Industry standardization is needed to improve 
the accuracy of the technology [89,90]. More recently 3D strain 
technology has been developed using full-volume acquisition 
[91]. This allows calculation of myocardial deformation in the 
same cardiac cycle in all myocardial segments. The disadvan¬ 
tage seems to be the lower frame rate, the higher variability 
and the reliance on very good quality 3D data sets, all of which 
limit the current feasibility of the technology. While STE is still 
considered an emerging technology, technical improvements 
have allowed more widespread access to myocardial deforma¬ 
tion imaging, which has resulted in a sizeable number of stud¬ 
ies on this topic in general and specifically in pediatric and 


Figure 7.18 Two-dimensional speckle-tracking 
echocardiography Speckles are 
echocardiographic reflectors within the 
myocardium, which can be tracked 
frame-by-frame throughout the cardiac cycle. 
The relative change of position of the speckles 
can be used to calculate myocardial strain. 
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Table 7.4 Left ventricular deformation imaging 



Strengths 

Weaknesses 

Deformation imaging 

2D Strain by TDI 

• Geometry-independent 

• 

One-dimensional 


• Ability to detect regional differences 

• 

Angle-dependent 


• High frame rates 

• 

Load-dependent 

2D Strain rate by TDI 

• Same as above 

• 

High variability 



• 

Low signal-to-noise ratio 

2D Strain by STE 

• Ability to detect regional differences 

• 

Radial strain measurements less reproducible 


• Angle-independent 

• Two-dimensional 

• Short post-processing time 

• Assessment of longitudinal function 

• Assessment of circumferential strain, rotation, and torsion 

• 

Load-dependent 

2D Strain rate by STE 

• Same as above 

• 

Lower frame rates than TDI-derived SR 



• 

More variable 

3D Strain by STE 

• Ability to calculate strain in all directions 

• 

Lower frame rate 


• Measurements in a single heartbeat 

• 

Higher variability 



• 

Reliance on very good quality 3D data sets 



• 

Load-dependent 

3D Strain rate by STE 

• Same as above 

• 

Low frame rates are a major limitation 


2D, two-dimensional; 3D, three-dimensional; SR, strain rate; STE, speckle-tracking echocardiography; TDI, tissue Doppler imaging. 


congenital heart disease [56,92]. Currently, the main clini¬ 
cal applications of deformation imaging are quantification of 
regional myocardial dysfunction, early detection of myocar¬ 
dial dysfunction, and evaluation of mechanical dyssynchrony 
(Table 7.4). 

Clinical applications in children 

As with any new method, normal values have to be defined for 
the pediatric population. Due to continuing changes in technol¬ 
ogy as well as differences between available software packages, 
this has proven to be a challenging endeavor. The first paper 
on normal strain rate and strain data in children was based on 
TDI-derived measurements which are now all but obsolete in 
the clinical setting [93]. Boettler et al. compared strain values in 
different age groups and demonstrated that strain and strain rate 
values are influenced by heart rate [94]. More recent papers stud¬ 
ied normal strain values obtained by STE [95,96]. The two stud¬ 
ies used different speckle-tracking techniques, which resulted 
in slightly different values and normal ranges. While most data 
seem to suggest that strain values are relatively independent of 
age and heart size, Marcus et al. reported higher strain values in 
adolescence and suggested that age-appropriate measurements 
are required. In our laboratory we have established our own nor¬ 
mal values, which are included in the appendix to this chapter. 

Clinical applications of myocardial 
deformation imaging in the assessment of 
LV function 

The use of deformation imaging is still not widespread and is not 
generally accepted in routine clinical practice. In our laboratory 


it has become part of a full functional LV assessment. Some of 
its current applications include the following. 

Quantification of regional left ventricular 
function 

This is an obvious indication in patients with coronary artery 
disease, which is less common in the pediatric compared with 
the adult population. Coronary artery problems can be present 
in patients with Kawasaki disease, congenital abnormalities of 
the coronary artery origins, or in patients after surgical coro¬ 
nary transfer or reimplantation such as after the arterial switch 
procedure. Traditionally, detection of regional myocardial dys¬ 
function has largely been based on qualitative assessment of 
regional wall motion. This requires specific training and exper¬ 
tise. In practice a standard 17-segment model of the LV is used 
and an experienced reader qualitatively assesses function in each 
and every segment [97]. The 17 segments can be displayed in 
a circumferential polar plot also called a bulls eye plot (Lig- 
ure 7.19). Lor subjective visual analysis a numeric scoring system 
has been developed based on the evaluation of systolic thick¬ 
ening in each segment. A higher score indicates more severe 
wall motion abnormalities (1 - normal, 2 - hypokinesis, 3 - aki- 
nesis, 4 - dyskinesis, and 5 - aneurysm). This scoring system 
can be used at rest as well as during exercise or pharmacologic 
stress. Despite its subjective nature, the diagnostic accuracy of 
this method is good in the hands of experienced readers. Never¬ 
theless, availability of a quantitative method such as calculation 
of regional strain could decrease variability that stems from sub¬ 
jective assessment and improve diagnostic accuracy. Using the 
apical 2-, 3- and 4-chamber views, a full 17-segment longitudinal 
strain analysis can easily be performed. Ligure 7.19 shows an 
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Figure 7.19 Regional myocardial end-systolic 
longitudinal strain map in an 11-year-old girl 
with myocardial infarction related to 
abnormal origin of the left coronary artery 
from the right cusp with posterior looping 
behind the aorta. The extent of the myocardial 
infarction can be easily displayed using the 
bull’s eye representation of the myocardial 
segments. 



example of a pediatric patient with a myocardial infarction based 
on an abnormal origin of the left coronary artery from the right 
coronary cusp running posteriorly to the aorta. The bulls eye 
plot represents the segmental distribution of the myocardial 
infarction. 

Apart from being useful in the detection of coronary artery 
disease, strain methodology is capable of detecting subtle 
abnormalities in regional myocardial function that are not 
obvious to the human eye. In hypertrophic cardiomyopathy for 
instance, it was thought that systolic myocardial function is pre¬ 
served and that obvious regional wall motion abnormalities are 
absent. However, using regional wall deformation, it is apparent 
that wall segments that are most hypertrophied also have the 
lowest longitudinal strain values [98,99]. Likewise, in patients 
with aortic stenosis and preserved ejection fraction, regional 
differences in wall motion are not detected visually in most 
patients. In contrast, when myocardial deformation parameters 
are quantified, reduced longitudinal deformation, particularly 
at the LV septum, is detected. This regional dysfunction can 
persist even after successfully relieving the aortic valve stenosis 
[100,101]. Reduced longitudinal function in the presence of pre¬ 
served circumferential and radial function has also been found 
in patients after coronary reimplantation for abnormal origin of 
the left coronary artery from the pulmonary artery [102]. In this 
patient population this phenomenon is probably related to dam¬ 
age caused to the subendocardial fibers resulting in decreased 
longitudinal function. As opposed to the traditional reliance 
on assessment of global radial and circumferential function by 
measures such as shortening fraction, these data suggest that 
assessment of longitudinal function is a potentially important 


component in the assessment of ventricular function, which 
could potentially have important prognostic and therapeutic 
implications. 

Detection of early myocardial dysfunction 

Heart failure is a progressive disease and myocardial dysfunc¬ 
tion can be difficult to detect in the early stages of the dis¬ 
ease especially when using ejection fraction. In the presence 
of mild dysfunction, the heart employs several compensation 
mechanisms to maintain cardiac output. Early changes can be 
difficult to detect. In young patients with Duchenne muscu¬ 
lar dystrophy and normal LV EF, we found subtle abnormali¬ 
ties in myocardial deformation, particularly in the inferior and 
inferolateral LV segments [103]. These segments seem vulner¬ 
able to early damage as reflected by reduced radial and lon¬ 
gitudinal strain (Figure 7.20). We and others have detected 
regional and global myocardial deformation abnormalities in 
patients after anthracycline exposure with normal ejection frac¬ 
tion [104-106]. In a pediatric age range the prognostic value 
of these subtle changes is still unknown. In women treated for 
breast cancer with a highly cardiotoxic combination of anthra- 
cyclines and trastuzumab, changes in myocardial deformation 
were detectable prior to changes in EF; and, in combination with 
changes in biomarkers, changes in deformation were highly sen¬ 
sitive and specific in predicting later changes in EF [107-109]. 
There are limited data suggesting that this approach may also be 
useful when monitoring pediatric patients exposed to anthra- 
cyclines [110]. These data require further validation, but in our 
laboratory we routinely include longitudinal strain measure¬ 
ments in the follow-up of this patient population. Whether serial 
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Figure 7.20 Early detection of regional myocardial dysfunction in a 10-year-old boy with Duchenne muscular dystrophy with normal ejection fraction. A 
reduction in longitudinal deformation can be observed in the lateral and posterior wall segments. 


changes in strain can help to detect patients at risk for developing 
cardiomyopathy remains to be proven. 

Detection of mechanical dyssynchrony 

An important component of myocardial function is the syn¬ 
chronous contraction of the various segments during the cardiac 
cycle. If mechanical activation is delayed in certain segments, 
the efficiency of contraction decreases and can cause progres¬ 
sive myocardial dysfunction. Electrical conduction delays, such 
as left bundle branch block, pacing and regional myocardial 
fibrosis, can cause delays in myocardial mechanical activation. 
Cardiac resynchronization therapy can be a very efficient 
treatment for this condition but the indications for its use are 
still controversial, particularly in children with congenital heart 
disease with variable morphology. There is an extensive liter¬ 
ature on the role of echocardiographic measurements to help 
identify patients with mechanical dyssynchrony, the discussion 
of which goes beyond the scope of this chapter. We refer the 
reader to recent reviews on this topic pertaining to the pediatric 
population [15,16] as well as to the guidelines published by the 


American Society of Echocardiography [111]. In our laboratory 
we combine different methodologies and our protocol includes 
storage of all raw echocardiographic data for offline mechanical 
dyssynchrony analysis. The various echocardiographic tech¬ 
niques are used to study the timing of activation of different 
wall segments and for identifying abnormal early activation of 
certain segments with delayed activation of others. The methods 
include visual assessment of the 2D images, M-mode, color 
tissue Doppler, and STE. M-mode is used to identify septal-to- 
posterior wall motion delay and for the presence of a septal flash 
(early contraction followed by immediate septal stretch) (Fig¬ 
ure 7.21). Color tissue Doppler data from the apical 4-chamber, 
2-chamber, and 3-chamber views are stored for offline analysis. 
We measure the time-to-peak systolic tissue Doppler velocities 
in the basal and mid segments of the six walls, calculate the 
largest difference in time-to-peak between 12 segments and also 
calculate the standard deviation of the 12 measurements (Yu- 
index). These timing indices can be very challenging to measure 
and were shown to be highly variable and not predictive of the 
response to resynchronization therapy in a randomized trial 
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Figure 7.21 Myocardial dyssynchrony in a patient with left bundle branch block. A typical septal pattern with early activation of the basal part of the 
interventricular septum with subsequent lengthening of this segment as it is stretched by the activation of the LV lateral wall. This phenomenon is called 
the septal flash and has been described to be a good predictor for the response to cardiac resynchronization therapy. 


[112] . Consequently, we now rely less on this methodology 
Finally we include longitudinal strain analysis in our assess¬ 
ment to evaluate segmental activation patterns. In particular, we 
evaluate for pre-activation of some segments, with concurrent 
stretching of others, followed by (relatively) strong contraction 
of pre-stretched segments. For this purpose a 17-segment lon¬ 
gitudinal strain analysis from the apical views is used. If dyssyn¬ 
chrony is suspected on the longitudinal strain curves, we per¬ 
form further offline analysis studying circumferential and occa¬ 
sionally radial strain patterns, looking for segments with early 
and late mechanical activation. We have found these techniques 
to be particularly helpful in identifying the detrimental effects of 
single-site, RV pacing-induced dyssynchrony and dysfunction 
in some children, sometimes leading to upgrade of the pacing 
system to a biventricular pacemaker. Normative data for timing 
differences have been published and could potentially be used 
for identifying pediatric patients with mechanical dyssynchrony 

[113] . 

With chronic resynchronization therapy (CRT), echocardiog¬ 
raphy can be used to guide lead implantation and assess the acute 
effect of different pacing sites on cardiac function. The effect 
on mechanical coordination can be studied and evaluating A-V 
and V-V synchrony can be used to optimize CRT. As experience 
is relatively new in children, we routinely repeat evaluation 
and pacer optimization at 3-6 months after implantation. To 
assess the effect of CRT, visual assessment, ventricular dimen¬ 
sions, volumes, EF and strain parameters can be combined 
using a complete functional assessment including myocardial 
mechanics. 

Summary: Echocardiographic assessment of 
LV function in practice 

In the previous section, we provided an overview of the vari¬ 
ous echocardiographic methods that can be used to assess LV 


function. Each method has its advantages and disadvantages 
and no single parameter can reliably define LV systolic func¬ 
tion. It is integrating the information from different parameters 
and defining consistency in the findings that help with inter¬ 
pretation. A good example is the early detection of rejection 
after cardiac transplantation. Noninvasive follow-up requires a 
consistent imaging protocol, as the initial echocardiographic 
signs of rejection can be subtle. These changes can include a 
mild increase in wall thickness (inflammatory response), a mild 
increase in AV-valve regurgitation, mild changes in diastolic 
properties, a mild reduction in tissue Doppler velocities and 
strain measurements, and the presence of pericardial effusion. 
The evidence for early rejection becomes stronger if the differ¬ 
ent parameters change at the same time. The concept of mul- 
tiparametric functional assessment forms the basis of echocar¬ 
diographic rejection scoring systems, which have been proposed 
for clinical use. This concept can be expanded to any functional 
assessment and forms the foundation of our functional protocol, 
which can be considered as a segmental approach to LV systolic 
function. Our laboratory’s functional protocol is detailed in the 
appendix but its outline includes: 

■ Assessment of LV dimensions and wall thickness (cardiac 

remodeling). 

■ Assessment of global pump performance 

• M-mode based %LS 

• Biplane Simpsons EL 

• 3D EL. 

■ Assessment of regional myocardial function 

• Pulsed-wave tissue Doppler measurements at the basal seg¬ 
ments (longitudinal function) 

• Color tissue Doppler acquisitions 

• 2D grayscale acquisitions for strain analysis (RAW-DICOM 
format) 

• Some vendors allow easy post-processing of longitudinal 
strain on the machines and representation of the measure¬ 
ments in a 17-segment model. 
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■ If indicated, offline assessment of mechanical dyssynchrony. 

■ Afterload assessment. In the morphologically normal LV, we 

obtain data for calculation of wall stress and Vcfc. 

The echocardiographic assessment of right 
ventricular function 

Echocardiographic assessment of RV function is an important 
topic in congenital heart disease as the RV is affected by mul¬ 
tiple structural defects. The echocardiographic quantification 
of RV function is challenging and in most echocardiographic 
laboratories assessment of RV function is limited to subjective 
visual evaluation (“eyeballing”). In recent years several quanti¬ 
tative techniques have been developed that provide more objec¬ 
tive measures of RV function [114,115]. As for the LV, we believe 
that there is no single parameter that fully describes RV function, 
but that useful quantitative information can be obtained by com¬ 
bining multiple parameters. Ultimately, it is our hope that more 
consistent use of these measurements will provide the necessary 
information for patient management but this still requires fur¬ 
ther prospective evaluation. 

The RV is more difficult to evaluate than the LV because of 
its more complex geometry, its anterior position in the chest 
and its different physiology and mechanics. The RV has a com¬ 
plex 3D shape with a triangular appearance in the sagittal plane 
and a crescent shape in the coronal plane. As the RV inflow and 
outflow are positioned in different planes, they are difficult to 
image simultaneously by 2D techniques. The normal RV is thin- 
walled (around 3-5 mm in the adult) and has prominent tra- 
beculations, which complicate wall detection and endocardial 


definition. The apical trabeculations form a complex network 
of muscle which blood enters in diastole and is squeezed out 
in systole. This trabecular network functions as a sponge and 
seems important for maintenance of RV output. The anterior 
position of the RV in the chest limits echocardiographic visu¬ 
alization due to limited spatial resolution in the near field of 
the ultrasound beam. Linally, lung interference can further limit 
echocardiographic windows. This can be especially problematic 
in patients with lung disease in whom evaluation of RV func¬ 
tion can be important, hollowing the predominantly longitudi¬ 
nal orientation of the RV fibers, normal RV contraction is char¬ 
acterized by longitudinal motion of the base towards the apex, 
and less circumferential and rotational motion. Additionally, RV 
contraction is characterized by a bellow-like motion of the free 
wall towards the septum and bulging of the ventricular septum 
into the RV cavity. The normal RV pressure-volume loop has a 
trapezoidal shape with poorly defined isovolumic periods. This 
is in contrast to the typical rectangular LV pressure-volume loop, 
which has clearly defined isovolumic contraction and relaxation 
phases. RV output is highly sensitive to increased afterload and 
a relatively mild acute increase in afterload will lead to reduced 
RV output. 

As for the LV, assessment of RV function starts with mea¬ 
surement of RV dimensions. The American Society of Echocar¬ 
diography published recommendations for standardized 2D RV 
measurements [116]. 

Various 2D echocardiographic views should be obtained to 
allow full coverage of the RV, including its inlet, trabecular and 
outlet segments. This requires measurements obtained from api¬ 
cal, parasternal long-axis, short-axis, and subcostal views (Lig- 
ure 7.22). Normal RV dimensions are available for the adult 



Figure 7.22 Measuring RV dimensions. Right ventricular dimensions can be measured from the apical RV-centric view (RV1 = transverse dimension of 
the RV just below the tricuspid valve, RV2 = transverse RV dimension at mid RV level, RV length measured from the tricuspid annulus to the RV apex. 
The RV dimensions are also measured from the parasternal short-axis and long-axis views. The RV end-diastolic area as obtained from the RV-centric 
view has been shown to have the highest correlation with RV volumetric measurements by magnetic resonance imaging. 
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Figure 7.23 Two-dimensional-based 3D 
reconstruction of RV volumes. This method 
uses 2D images that are obtained with a 
magnetic tracker attached to the probe. On the 
2D images, anatomic landmarks are identified 
(tricuspid annulus, pulmonary valve, septum, 

RV endocardium) and the RV volumes are 
reconstructed based on an online database of 
RV shapes. 

population. However, for the pediatric population z-scores 
are not available for all recommended measurements. Two- 
dimensional measurements are reliable if well standardized and 
can be used for monitoring changes in RV size during serial 
follow-up. Several complicated formulae have been proposed 
to calculate RV volumes based on 2D measurements, but none 
have accurately predicted RV volumes when validated against 
cardiac MRI [117]. Therefore, this approach has largely been 
abandoned. Amongst the different 2D measurements to predict 
RV volumes, the end-diastolic RV area as measured from the 
apical 4-chamber view correlates best with RV volumes mea¬ 
sured by MRI [118,119]. Based on these findings it is suggested 
that indexed (for body surface area) RV end-diastolic area is 
probably the best 2D substitution for RV volume or could at 
least be used to determine which patients require additional 
imaging. When using this method, it is important to obtain a 
good RV-centered apical 4-chamber view without foreshorten¬ 
ing the RV. We include the RV trabeculations in the RV area, 
as this is the method used by our MRI specialists when mea¬ 
suring RV volumes (Figure 7.23). The main limitation of the 
RV area method is that currently there are no normal pedi¬ 
atric z-scores available for this measurement. We recently val¬ 
idated a 2D-based 3D reconstruction method. Using a mag¬ 
netic tracker, 2D echocardiography images can be located in 
3D space [120,121]. Anatomic landmarks (points) are then 
marked on the 2D images and the 3D volume reconstructed 


using a catalogue of reference RV shapes (Figure 7.23). The 
method has proven to be very reliable and measurements cor¬ 
relate well with MRI measurements, but the need for a magnetic 
tracking device and dedicated equipment limits its clinical use. 
Three-dimensional echocardiography allows full volumetric 
data acquisition and subsequent offline analysis of RV volumes 
using dedicated software (Figure 7.24; Video 7.5). However, 3D 
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Figure 7.24 Three-dimensional echocardiography can be used for 
measuring RV volumes using dedicated analysis software. 
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Strengths 

Weaknesses 

Dimensional changes 

Fractional area change 

• Correlates with RV EF 

• 

Geometry-dependent - does not assess 
the RV outflow tract 



• 

Variability due to difficulty of tracing 

RV endocardial border at end-systole 



• 

Load-dependent 

Ejection fraction by 3DE 

• More accurate than 2DE EF 

• 

Reliance on very good quality 3D data 


methods 


sets 



• 

Load-dependent 

TAPSE by M-mode 

• Ease of measurement 

• 

Regional parameter 


• Correlates with RV FAC and 

• 

Load-dependent 


EF if no regional dysfunction 
• Highly reproducible 

• 

Influenced by valve regurgitation 


2DE, two-dimensional echocardiography; 3DE, three-dimensional echocardiography; EF, ejection fraction; 
TAPSE, tricuspid annular plane systolic excursion. 


Table 7.5 Right ventricular systolic function 
derived from dimensional changes 


echocardiography for assessing RV volumes has two important 
limitations. The first is the limited feasibility of the method. Full, 
high-quality 3D data sets of the RV can be difficult to obtain par¬ 
ticularly when the RV is dilated and in postoperative patients 
[122]. A second limitation is the observation that 3D echocar- 
diographic RV volumes are generally 15-34% lower compared 
with MRI volumes [122-124]. This discrepancy may be related 
to difficulties in echocardiographic acquisition (with the RV not 
completely included in the data sets) and in RV endocardial bor¬ 
der detection and definition. In various studies the intra- and 
interobserver variability of 3D volumetric measurements varied 
between 10 and 20%, which needs to be taken into consideration 
for the interpretation of serial measurements. 

RV functional parameters 

RV functional parameters from dimension 
changes 

As for the LV, the most commonly used quantitative methods to 
assess RV function are based on measuring dimension changes 
(Table 7.5). Due to its complex geometry and longitudinal con¬ 
traction pattern, simple ID or 2D techniques such as SF and the 
biplane Simpsons or area-length methods that rely on geomet¬ 
ric assumptions are not applicable to the RV. Calculation of frac¬ 
tional area change from the RV-centric apical 4-chamber view 
is a viable alternative. This method measures RV end-diastolic 
(RVEDA) and end-systolic (RVESA) areas from the apical 4- 
chamber view (Figure 7.25). 

RV FAC (%) = [(RVEDA - RVSA)/RVEDA] x 100. 

A normal FAC value is >40%. This method requires a good qual¬ 
ity apical view and we trace the RV endocardium at the base of 
the trabeculations. Feasibility is dependent on the quality of the 
echocardiographic windows, but in our experience FAC mea¬ 
surement is feasible in most patients. The variability of the FAC 


measurement seems to be mainly related to the difficulty of mea¬ 
suring RVESA as the endocardial border is difficult to identify 
at end-systole. FAC only measures dimensional changes in the 
inflow and trabecular portions of the RV, which may result in 
overestimation of RVEF in the presence of right ventricular out¬ 
flow tract dysfunction as may occur in postoperative tetralogy 
of Fallot patients. Despite these limitations, FAC correlates well 
with RV EF. In our practice we consider it a useful tool, which is 
easy to integrate into clinical practice. If available, 2D-based 3D 
reconstruction or other 3D techniques can be used to measure 
RVEF in select patients. 

As longitudinal shortening is the predominant vector deter¬ 
mining RV output, assessment of longitudinal function is an 
important component of RV functional assessment. This easiest 
method is measurement of the tricuspid annular plane systolic 
excursion (TAPSE), which is obtained by placing an M-mode 
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Figure 7.25 RV fractional area change. From an apical RV centric view RV 
end-diastolic and end-systolic area are measured and the fractional area 
change is calculated. 
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Figure 7.26 Tricuspid annular plane systolic 
excursion (TAPSE). An M-mode cursor is placed 
through the tricuspid annulus aligned with the 
longitudinal motion of the annulus during 
systole. The excursion of the annulus during 
systole is measured. We use color tissue Doppler 
to help with the timing of the measurements. 


|i TAPSE 2.40 cmj 
Freq.: 1.9 MHz/3.7 MHz 
Proc.: 12.0/11.0/2.0/6.0/0.2 
FPS: 42.8 
Scale. 1.50 KHz 


* 
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cursor through the tricuspid lateral annulus (Figure 7.26). We 
use color Doppler M-mode to define the onset of systole and the 
point of maximal systolic excursion. TAPSE measures the dis¬ 
tance the RV annulus travels during systole, which is normally 
>1.5 cm in adults. Because TAPSE is dependent on cardiac size, 
normal pediatric data should be used in children [125]. TAPSE 
has been found to correlate well with RVEF and fractional area 
change (FAC%). It is, however, a regional parameter measur¬ 
ing longitudinal shortening only in the RV lateral free wall. In 
patients after tetralogy of Fallot repair who have regional dys¬ 
function in the RV outlet secondary to outflow tract surgery, 
TAPSE has been found to correlate weakly with global RVEF 
[126,127]. Because TAPSE is easy to measure, is highly repro¬ 
ducible and normal values are available in children, we consider 
it a useful quantitative parameter to serially assess RV longitudi¬ 
nal function in patients with right heart disease. 

Data on the use of RV systolic velocities (tricuspid annular 
velocities) to quantify RV longitudinal function have also been 
published and will be discussed later. 

Doppler indices: the myocardial 
performance index 

Because RV physiology is characterized by very short or absent 
isovolumic events (especially isovolumic relaxation), the use of 
isovolumic time intervals to assess RV function is not intrin¬ 
sically logical. Nevertheless the myocardial performance index 
has been applied to the RV, based on measurements of tricuspid 
inflow patterns and the pulmonary artery blood pool Doppler. 
However, due to RV geometry these Doppler signals cannot be 
measured simultaneously, which increases measurement vari¬ 
ability. Although the normal RV has little if any isovolumic peri¬ 
ods, in the presence of RV dysfunction, the isovolumic time 
intervals prolong and the ejection time shortens resulting in a 


prolonged MPI. Apart from the conceptual problem of apply¬ 
ing this principle to the RV, MPI is highly sensitive to changes 
in loading conditions [51]. As for the LV, an abnormal MPI can 
reflect changes in either systolic or diastolic function (or both) 
and in loading conditions. MPI derived from tissue Doppler was 
found to correlate well with pulmonary vascular pressures and 
resistance in pulmonary arterial hypertension (PAH) before and 
after surgery for thrombo-embolic pulmonary vascular disease 
[128]. After surgery, the absolute change in MPI correlated well 
with the concomitant change in PVR. This likely reflects the 
prolongation of the isovolumic relaxation period with increased 
PVR. Indeed, the ratio of the isovolumic relaxation to ejection 
period has been used as a noninvasive marker of pulmonary 
pressures and does not in itself reflect inherent RV contractile 
function. As a combined ventricular-vascular index, MPI was 
shown to be a strong prognostic factor in patients with primary 
pulmonary hypertension [129]. 

In congenital heart disease MPI has been used as a geometry- 
independent indicator of RV performance after tetralogy of Fal¬ 
lot repair. In this patient group MPI correlated well with RVEF 
measured by CMR; an MPI > 0.40 predicted an RVEF < 35% 
with good sensitivity and specificity [130]. However, the use of 
the MPI in repaired tetralogy of Fallot patients is even more 
counterintuitive as due to the relatively high prevalence of pul¬ 
monary regurgitation and restrictive physiology, true isovolu¬ 
mic events are uncommon. Because the MPI lacks a physiologic 
basis in these conditions, we have not included it in our labora¬ 
tory’s RV functional protocol (Table 7.6). 

Tissue Doppler and myocardial deformation 
imaging 

Tissue Doppler velocities measured in the basal part of the RV 
free wall measure the velocity of longitudinal motion. These are 
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Strengths 

Weaknesses 

Blood pool and tissue 

Doppler indices 



dP/df 

• Geometry-independent 

• 

Preload-dependent 


• Afterload-independent 

• 

Clear continuous-wave Doppler 
tracing required 



• 

Very short time interval limits 
reproducibility 



• 

More difficult to measure for RV than 
for LV 

Myocardial 

• Geometry-independent 

• 

Tricuspid inflow and pulmonary artery 

performance index 

• TDI-derived MPI correlates with 


Doppler velocities not measured 

(MPI) by pulsed 

PVR 


simultaneously (which is why TDI 

wave and TDI 

• Correlates with RV EF 

• 

measurement is preferred) 
Load-dependent 

Myocardial 

• Geometry-independent 

• 

Influenced by preload, especially 

acceleration during 

• Relatively afterload-independent 


when filling pressures are increased 

isovolumic 

• Heart rate dependence allows 



contraction (IVA) 

for study of force-frequency 
relationship 




dP/dt, ratio of change in pressure over change in time; TDI, tissue Doppler imaging. 


Table 7.6 Blood pool and tissue Doppler 
indices of right ventricular function 


easily obtained and reproducible measurements that are useful 
for quantifying longitudinal function and can be used in the 
serial follow-up of patients (Figure 7.27). As for the LV, disad¬ 
vantages of tissue Doppler measurements at the basal RV free 
wall include their angle and load dependency, the influence of 
translational motion, and the effect of segmental interactions. 
RV longitudinal tissue velocities are higher than those obtained 
in the LV. As for LV velocities, heart size influences the velocities 
and age-adjusted measurements should be used (see appendix). 
To overcome the load-dependency of peak systolic velocities, 
RV isovolumic acceleration (IVA) was proposed as an alterna¬ 
tive measurement. Normal values of IVA measured in the basal 


segment of the RV free wall are >1.1 m/s 2 . Isovolumic acceler¬ 
ation has been shown to be a good method to investigate con¬ 
tractile reserve using dobutamine in patients after atrial switch 
repair for TGA. The change in IVA before and after dobu¬ 
tamine correlated well with the change in end-systolic elas- 
tance [131]. Isovolumic acceleration is strongly dependent on 
heart rate and has been used to study the force-frequency rela¬ 
tionship in patients after congenital heart surgery [80]. Frigi- 
ola et al. demonstrated an inverse relationship between baseline 
IVA measurements and the severity of pulmonary regurgitation 
[132]. However, measurement variability and heart rate depen¬ 
dency limit its use in clinical practice. 



Figure 7.27 Pulsed tissue Doppler of the RV 
lateral basal segment. Compared with the 
mitral annulus tracing the absence of an 
isovolumic relaxation period can be noted on 
the trace. The velocity continues from 
end-systole into early diastole (yellow arrows). 
This is typical for a normal RV. 
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Figure 7.28 RV longitudinal strain measurements in a patient after tetralogy of Fallot repair. Typically in this patient population longitudinal strain is 
lower in the RV apical segments. 


Tissue Doppler-derived strain measurements and speckle¬ 
tracking methodologies can also be used to measure RV myocar¬ 
dial deformation and mechanics (Figure 7.28) (Table 7.7). The 
number of studies investigating RV function using strain and 
strain rate imaging is growing rapidly. Normal RV strain val¬ 
ues for children and adults are available. Due to limitations in 
echocardiographic windows, it is not possible to image all RV 
segments. Generally RV strain analysis is limited to the assess¬ 
ment of longitudinal strain in the RV free wall imaged from 
the apical 4-chamber view. Due to the thin RV walls, radial 
contraction is not measurable and too variable; and, as there 
are few circumferential fibers in the normal RV, the circum¬ 
ferential contribution to RV ejection is limited. This may dif¬ 
fer in the systemic RV in which RV hypertrophy seems to cause 
more circumferential shortening and radial thickening with rel¬ 
atively decreased longitudinal deformation [133]. In patients 
with global RV dysfunction, longitudinal strain measurements 
correlate well with RV EF as an ejection parameter [134]. This 


relationship is weaker when regional dysfunction is present such 
as in patients after tetralogy of Fallot repair [135]. Our group also 
demonstrated important regional differences within the RV free 
wall, with decreased RV apical deformation relative to basal lon¬ 
gitudinal strain in patients after tetralogy of Fallot repair. Very 
few data are available on the prognostic value of reduced strain 
measurements. In patients with PAH, both tissue velocities and 
RV longitudinal strain measurements are reduced in the RV free 
wall. Sachdev et al. recently demonstrated that a global longi¬ 
tudinal strain >12.5% was a strong predictor for clinical right 
heart failure, clinical deterioration, and mortality [136,137]. In 
this study, and in others, a more significant reduction in apical 
longitudinal strain values was observed, which suggests that the 
RV apex plays an important role in maintaining RV output in 
various diseases. The role of strain imaging in congenital RV 
diseases needs further study, but quantification of regional RV 
function by strain measurements is a promising emerging tech¬ 
nique that requires further evaluation. 
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Table 7.7 Right ventricular deformation imaging 


Strengths 

Weaknesses 

Deformation imaging 




2D Strain by TDI 

• Geometry-independent 

• 

Usually not possible to visualize all RV segments 


• Ability to detect regional differences 

• 

Thin-walled RV 



• 

Limited to longitudinal strain in normal RV 



• 

One-directional 



• 

Angle-dependent 



• 

Load-dependent 



• 

Tethering 

2D Strain rate by TDI 

• Same as above 

• 

Same as above 


• Higher frame rate than STE 



2D Strain by STE 

• Geometry-independent 

• 

Usually not possible to visualize all RV segments 


• Ability to detect regional differences 

• 

Thin-walled RV 


• Angle-independent 

• 

Limited to longitudinal strain in normal RV 


• Multidirectional 

• 

Radial strain measurements less reproducible 


• Less post-processing time 

• 

Load-dependent 


• More user-friendly software 



2D Strain rate by STE 

• Same as above 

• 

Same as above 

3D Strain by STE 

• Ability to calculate strain in all directions 

• 

Lower frame rate 



• 

Higher variability 



• 

Reliance on very good quality 3D data sets 



• 

Load-dependent 

3D Strain rate by STE 

• Same as above 

• 

Same as above 


2D, two-dimensional; 3D, three-dimensional; STE, speckle-tracking echocardiography; TDI, tissue Doppler imaging. 


Right ventricular dyssynchrony and 
ventricular-ventricular interactions 

To date, the vast majority of research into mechanical dyssyn¬ 
chrony has focused on left ventricular dyssynchrony However, 
RV dysfunction has been found to be associated with mechanical 
dyssynchrony In the normal RV, there are regional differences 
in mechanical activation between the different parts of the RV 
(inflow and outflow) with the RV infundibulum contracting 
after the RV inflow [138]. As this is more difficult to study, most 
studies on RV mechanical dyssynchrony have focused on the 
delay in time to peak systolic motion or deformation between 
the RV lateral wall and the ventricular septum [139]. In adults 
with pulmonary hypertension the delay between time to peak 
strain at the lateral wall and septum was significantly increased 
compared to controls, as was interventricular dyssynchrony 
(delay between time to peak strain between the LV and RV 
lateral wall). Both RV delay and interventricular dyssynchrony 
were strongly associated with RV FAC% and RV dyssynchrony is 
linked to disease severity and functional class in this population 
[140,141]. RV intraventricular and interventricular delay by 
strain imaging have also been associated with low RVEF and low 
oxygen consumption during exercise in patients with a systemic 
RV after atrial switch operation for transposition of the great 
arteries [142]. RV intra- and interventricular dyssynchrony may 
also impact RV function and exercise tolerance after repair of 
tetralogy of Fallot [143]. In PAH, interventricular dyssynchrony, 


caused by prolonged RV contraction and measured by CMR 
circumferential strain, has been proposed to impair LV filling 
via septal shift and reduced RV ejection due to inefficient 
contraction and postsystolic shortening, overall leading to 
reduced cardiac output [144]. The prolonged RV contraction 
is not caused by bundle branch block, as is typical for LV 
dyssynchrony in adults, but by prolongation of RV wall tension 
development [144]. In addition to decreased cardiac output that 
results directly from RV failure, RV dilatation displaces the ven¬ 
tricular septum leftward and impedes LV filling. This secondary 
LV geometrical change, easily measured from the ratio of the 
long axis-to-short axis of the LV by 2D echo or CMR imaging, 
is linearly related to cardiac output, whereas RV end-diastolic 
volume, in and of itself, was not related to cardiac output [145]. 
Although ejection duration is shortened in PAH, RV contrac¬ 
tion is prolonged. Consequentially, RV diastolic duration and 
filling time are shortened, compromising RV and LV filling and 
filling rate, further reducing cardiac output. These temporal 
phenomena are further impacted by heart rate, and children 
with PAH have a marked logarithmic decrease in diastolic 
duration and increase in the systolic-to-diastolic duration ratio 
when their heart rate increases as compared with controls. The 
systolic-to-diastolic duration ratio, which reflects both the over¬ 
all prolonged systole and decreased ventricular filling, is easily 
measured from the Doppler signal of the tricuspid regurgitation 
jet, and is linked to death or need for lung transplantation in 
children with PAH [146]. 
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Summary: Echocardiographic assessment of and an automated LV segmentation program is used to calculate LV 

RV function ejection fraction. 


RV functional assessment should extend beyond subjective 
“eyeballing” alone. We suggest the following approach to the 
echocardiographic assessment of RV function. 

1 Assess RV dimensions and RVEDA using 2D echocardiogra- 
phy. 

2 Assess RV volumes in those patients with increased RV 
dimensions. For this purpose we propose either: 

a 2D-based 3D reconstruction 
b 3D echocardiography. 

3 Assess Fractional Area Change (%FAC). 

4 Measure TAPSE. 

5 Measure tissue Doppler velocities in the basal part of the RV. 

6 Measure longitudinal strain using STE if available. 

These methods should help to determine whether a patient has 
RV dysfunction. The role of the echocardiographer is to inter¬ 
pret and integrate these methods in assessment of the individual 
patient. 

Conclusion 

Multiple techniques are available for the assessment of systolic 
ventricular function in children. No single technique or number 
completely reflects LV or RV systolic function. We therefore pro¬ 
pose a multiparametric approach and suggest the introduction 
of a functional assessment protocol that integrates the different 
available methods. 


Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 7.1 Short-axis view at the base of the heart demonstrating 
the clockwise rotation during systole. 

Video 7.2 Short-axis view at the LV apex demonstrating the coun¬ 
terclockwise rotation of the LV apex during systole. 

Video 7.3 Speckle-tracking analysis of LV longitudinal function. 
From the apical 4-chamber view, longitudinal systolic strain is ana¬ 
lyzed using speckle-tracking echocardiography. Shortening is repre¬ 
sented by red and lengthening by blue. By convention systolic short¬ 
ening is shown as a negative value. 

Video 7.4 Speckle-tracking echocardiography analysis of LV radial 
function. From the parasternal short axis speckle tracking is used to 
calculate radial LV thickening. Red represents thickening and blue 
thinning. By convention thickening is shown as a positive value. 

Video 7.5 Three-dimensional echocardiography used to calculate 
LV ejection fraction. A 3D volume is obtained from the LV apex 
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Appendix: The Functional Protocol at The 
Hospital for Sick Children 

Parasternal Long-Axis View (PLAX) 

PLAX in 2D 

Color aortic valve, mitral valve 

2D RV inflow / color / Doppler 

Estimate RV systolic pressure from peak TR jet using CW 2D 

RV outflow / color / Doppler 

Estimate mean pulmonary artery pressure from peak PI jet 


M-mode LVET / R-R measurements 

Measure LA dimension by M-mode, ensure cursor is perpendic¬ 
ular to LA, z-score 

Parasternal Short-Axis View (PSAX) 

M-mode with measurements (just below MV annulus) 

Record RV and LV dimensions with z-scores, include z- 
scores for wall thicknesses 
LV FS and EF, LV Vcf and Vcfc 

* Include LV PW in systole - required for wall stress cal¬ 
culation 

LV mass and LV mass index 
PSAX in 2D at each level 

Base / Mid LV / Apex (Ensure your LV basal level is below the 
MV annulus) 

2D PSAX at aortic valve level 
Color TV / aortic valve / pulmonary valve 
PW Doppler main PA just distal to PV leaflets 
CW RVOT 

Estimate mean PAp from peak early PI jet 

Apical 4-Chamber View (A4C), Both Ventricles Together 

A4C view in 2D, include both ventricles and both atria 
Color tissue Doppler, wide sector, highest FR possible 

Ensure RV free wall, I VS and LV lateral wall are included 
together 

Ensure TDI color scale is set just high enough to prevent 
aliasing 

Tissue Doppler PW of the basal segments: RV free wall / IVS / 
LV lateral wall 

Measure e', a', s' tissue velocities for all three walls 

Apical 4-Chamber View, Focused on Left Ventricle (LV) 

Color mitral valve / PW for diastolic function 
Align cursor parallel to flow 
Place sample volume at the leaflet tips 
Measure E, A velocities, DT, A-wave duration 
Color M-mode of LV inflow 

Color scale set to ^one-half of the peak E velocity 
PW IVRT, measure (sample volume between LV inflow and out¬ 
flow) 

PW pulmonary vein 

Place sample volume 0.5 to 1.0 cm into the vein 
Measure S, D velocities, A-wave reversal, A-wave duration 

LV Apical 5-Chamber View (A5C) 

2D apical 5-chamber 
Color LVOT / PW / CW 
PW velocity of LVOT 
CW Doppler through LVOT 

LV Apical 2-Chamber View (A2C) 

LV apical 2-chamber 
Color MV 

Wide-sector color TDI - maximum FR 
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PW tissue Doppler PW of the basal segments: 

LV anterior wall and LV inferior wall 
Measure e', a', s' 

LV Apical 3-Chamber View (A3C) 

A3C LV apical 3-chamber view in 2D, include LA 

color MV / AoV 

Wide-sector color TDI - maximum FR 

Tissue Doppler PW of LV inferolateral wall basal segment 
Measure e', a', s' tissue velocities 

Apical 4-Chamber View - Focused on Right Ventricle (RV) 

Apical view of RV 
Measure FAC 

Color TV / CW / PW 

Estimate RVSp from peak TR jet 
Measure TV E-wave velocity from PW 

M-mode TV annulus with TDI color map for TAPSE 

LV 3D Full Volume (frame rate one-half to one-third of 
patients HR) 

Calculate 3D EF 


Subcostal View 

Hepatic vein / color / PW (place sample volume 0.5 to 1.0 cm 
into the vein) 

Abdominal aorta / color / PW 

Suprasternal Notch View 

SVC in 2D / color / PW 

Aortic arch only if previous coarctation and/or abnormal 
abdominal Ao flow profile 

Right arm BP + Wall stress 

Record BP and calculate wall stress 

Biplane Simpson’s and/or Auto EF when: 

Visual assessment of function is abnormal M-mode EF is 
<55% In the presence of RWMA Paradoxical motion of the 
IVS 

Abnormal geometry, Dilated LV 

Reminder: Four beat loops for 

2D short-axis levels, 2D apical views, wide-sector TDI of apical 
views 
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Introduction 

Echocardiography is the primary tool in the diagnosis and 
assessment of pediatric heart disease, including abnormalities of 
ventricular function. The initial focus when assessing myocar¬ 
dial function has traditionally centered on systolic function. 
Diastolic dysfunction, although recognized as a component of 
pediatric heart disease, has been less well understood and inves¬ 
tigated. There are several reasons for this: (i) diastolic disease is 
felt to be relatively rare in pediatric patients; (ii) there is no single 
measure that adequately describes diastolic function (in contrast 
to ejection fraction, which is a simple method to characterize 
systolic function); (iii) echocardiographic techniques that help 
understand diastolic disease are not routinely applied in chil¬ 
dren; and (iv) Doppler patterns that characterize diastolic func¬ 
tion vary significantly with age and heart rate in children in the 
absence of diastolic disease. Despite these challenges, there has 
been a recent evolution in diastolic assessment of children using 
echocardiography, and this chapter focuses on the current tech¬ 
niques of diastolic function assessment. 

Definition and physiology of diastole 

Diastole is the phase of the cardiac cycle during which ventric¬ 
ular filling occurs (Figure 8.1). It is defined as the time period 
beginning at end-ejection (closure of the semilunar valves) and 
extending until the atrioventricular (AV) valves are closed. Dias¬ 
tole can be further divided into four components: 

1 Isovolumic relaxation - defined as the time from semilunar 
valve closure to onset of flow across the AV valve. 

2 Rapid filling - starts when ventricular pressure after systolic 
contraction decreases to a value less than atrial pressure. As 
ventricular pressure continues to fall during early diastole, 
a pressure difference is generated between the atrium and 
ventricle. Blood flows across the AV valve because of this 
pressure difference and ventricular filling begins. This early 


diastolic flow, which can be detected by pulsed Doppler in the 
AV valve orifice, is called the early filling, or “E” velocity, wave. 
The E velocity peaks in early diastole, generally at the time of 
ventricular pressure minimum, and decelerates as ventricular 
pressure begins to increase with continued ventricular filling. 

3 Diastasis - occurs in mid-diastole when atrial and ventricular 
pressures equalize after early filling, so that little flow passes 
across the AV valve. 

4 Atrial contraction - in late diastole atrial pressure suddenly 
increases and again exceeds ventricular pressure, generating 
a second wave of flow across the AV valve. This late diastolic 
velocity profile is called the atrial contraction or “A” wave. 
Many factors influence ventricular diastolic filling, including 

ventricular systolic function, AV valve function, rate of ventric¬ 
ular relaxation, the passive compliance or stiffness of the atrial 
and ventricular muscle, atrial systolic function, the loading or 
volume conditions of the two chambers, intrathoracic pressure 
changes with respiration, and heart rate and rhythm. All of these 
factors influence the observed diastolic velocity profile, and so 
must be considered in the analysis of these Doppler waveforms. 

Atrial filling has also been analyzed using Doppler echocar¬ 
diography. Systemic and pulmonary venous inflow is pulsatile 
and can generally be separated into systolic and diastolic phases. 
The systolic phase occurs during ventricular systole when atrial 
pressure drops as the atria relax after atrial contraction. In addi¬ 
tion, there is active apical displacement of the AV valve annu¬ 
lus during ventricular systole, which creates a suction effect in 
the atria, with resultant augmentation of venous emptying into 
the atria. As atrial filling continues in later systole against a 
closed AV valve, atrial pressures rise and venous inflow decel¬ 
erates. The diastolic phase of venous inflow is initiated with AV 
valve opening in early diastole, as this causes a sudden decrease 
in atrial pressure. During this phase, the atria act as a conduit 
from the veins to the ventricles. Diastolic venous inflow begins 
to decrease with increasing ventricular pressure as the ventric¬ 
ular chambers fill. With atrial contraction, there is a sudden 
increase in atrial pressure and cessation of venous inflow. If atrial 
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Figure 8.1 Simultaneous recordings of left atrial pressure (LAP), left 
ventricular pressure (LVP) and mitral valve Doppler inflow tracings in 
open-chested dogs. When left ventricular pressure decreases to a value 
equal to left atrial pressure (the first crossover point shown as Xj), the 
mitral valve opens and the onset of flow occurs on the mitral valve Doppler 
trace. Both pressures decrease rapidly after mitral valve opening, with a 
short duration of transvalvular pressure difference. The peak E velocity (E) 
occurs at the second crossover point X 2 , which corresponds closely in time 
with the left ventricular minimum pressure. Deceleration from the peak E 
velocity begins with the onset of the increase in left ventricular diastolic 
pressure (the rapid filling wave) and ends at the third crossover point X 3 . In 
mid-diastole, the two pressures appear to be equal, increasing slowly 
together (diastasis), and there is no flow across the mitral valve. Left atrial 
pressure increases and exceeds left ventricular pressure with atrial 
contraction, producing flow across the mitral valve at the A wave of the 
Doppler trace. ECG, electrocardiogram. Source: Courtois et al. 1988 [1]. 
Reproduced with permission of Wolters Kluwer. 


pressures are elevated at the time of atrial contraction, signifi¬ 
cant reversal of flow from the atria into the veins can be seen and 
has been described as the atrial reversal phase of venous inflow. 
The same factors that influence ventricular filling are important 
in atrial filling as well; in addition, AV valve competence and 
venous vessel compliance play a significant role. 

Echocardiographic techniques for assessing 
diastolic function 

Doppler echocardiography 

The current understanding of diastolic function and charac¬ 
terization of diastolic disease have mostly developed through 
investigation of intracardiac diastolic blood flow patterns using 
Doppler echocardiography [1]. The majority of work done on 
both adults and children has involved analysis of mitral and pul¬ 
monary venous inflow Doppler patterns [2-5], although interest 
in right ventricular diastolic function has grown recently. 

Mitral inflow 
Technique 

Pulsed Doppler analysis of mitral inflow velocities is straightfor¬ 
ward and easily incorporated into a routine complete echocar¬ 
diographic study (Table 8.1). The best position for Doppler anal¬ 
ysis is the apical 4-chamber view, where the Doppler signal can 
be aligned nearly parallel to mitral inflow, allowing accurate 
quantitation of peak velocities. Sample volume position is also 
critical, with the peak velocities generally best recorded distal to 
the mitral annulus near the tips of the valve leaflets. Both peak 
E and peak A velocities are significantly decreased as the sample 


Table 8.1 Mitral inflow and pulmonary venous Doppler indices 


Strengths 


Weaknesses 


Mitral inflow Doppler indices 

Isovolumic relaxation time (IVRT) 


E-wave deceleration time 
E/A ratio 


Pulmonary venous Doppler indices 

Systolic/Diastolic (S/D) ratio 


A-wave duration (relative to mitral 
inflow) 


Relatively heart rate independent 

Prolongation is a good marker of early mild diastolic 

disease 

Easy to obtain 

Varies with progressive diastolic disease 
Easy to obtain 

Varies with progressive diastolic disease 


Easy to obtain 

Varies with progressive diastolic disease 

Important discriminator of normal vs. 
"pseudonormal" mitral inflow patterns 


• Poor discriminator of more severe forms of diastolic 
disease 

• Heart rate dependent 

• Requires sinus rhythm 

• Affected by mitral valve disease 

• Preload dependent 

• Age-dependent normal values 

• Diastolic disease can be associated with a 
"pseudonormal" pattern 

• Fusion with increased HR 

• Requires sinus rhythm 

• Affected by mitral valve disease 

• Age-dependent normal values 

• Requires sinus rhythm 

• Varies with position within the pulmonary vein 
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Figure 8.2 Typical mitral inflow Doppler during childhood. Note the 
dominant peak E and smaller peak A velocities. The velocity time integrals 
of the E wave (E VTI) and A wave (A VTI) are outlined. Deceleration time 
(DT) is measured from the peak E velocity to cessation of early diastolic 
flow (arrows). 

volume is moved into the left atrium. The use of color Doppler 
can help better align both the Doppler cursor and sample vol¬ 
ume positions. 

Measurements 

Several different indices of left ventricular diastolic function can 
be derived from the mitral valve Doppler inflow trace (Figure 
8.2) [6]. These include diastolic time intervals, peak velocities 
during early filling and with atrial contraction, area filling frac¬ 
tions, velocity and area ratios, and peak filling rate. The most 
commonly used diastolic time interval is the isovolumic relax¬ 
ation time (IVRT), which is the time from aortic valve closure to 
the initiation of diastolic flow across the mitral valve. It can be 
measured from the aortic closure component of the second heart 
sound as recorded on a phonocardiogram to the onset of dias¬ 
tolic flow velocity from the mitral valve Doppler tracing. It is also 
possible to measure this interval using continuous-wave (CW) 
Doppler positioned at the apex with the Doppler cursor angled 
to record both left ventricular outflow tract velocities in systole 
and left ventricular inflow velocities simultaneously from a 5- 
chamber view. The time from cessation of aortic forward flow 
to the onset of diastolic mitral inflow is the IVRT This index is 
regarded as relatively heart rate independent. In patients with 
impaired left ventricular relaxation, IVRT is prolonged; con¬ 
versely, in patients with abnormal left ventricular compliance 
and elevated left atrial pressures, it maybe shortened. The decel¬ 
eration time during early filling from peak E velocity to cessa¬ 
tion of flow has also been used to describe the time course of 
relaxation, with more prolonged deceleration correlating with 
delayed relaxation. The duration of diastolic flow varies with 
heart rate, however, so deceleration time shortens with increas¬ 
ing heart rate irrespective of the diastolic properties of the heart 
[7] and is generally not a clinically useful measure in tachycardic 
infants and children. 

Recommendations for measures to assess AV valve inflow 
include E-wave and A-wave velocities, A-wave duration, decel¬ 
eration time, IVRT, and calculation of the E/A ratio [8]. 


Pulmonary venous inflow 
Technique 

Studies using pulsed-wave (PW) Doppler to assess pulmonary 
venous inflow have described a variety of patterns in differ¬ 
ent disease states; information obtained using this technique 
appears complementary to mitral inflow Doppler analysis and 
has added to the understanding of left ventricular diastolic func¬ 
tion (Table 8.1) [9-12]. To obtain pulmonary venous inflow 
Doppler measurements, the PW sample volume is placed in the 
right or left upper pulmonary vein from an apical 4-chamber 
window. From this view, flow as it enters the left atrium can be 
aligned parallel to the Doppler beam using color Doppler. The 
sample volume should be placed as far distally into the vein as 
possible, preferably 1-2 cm distal to the orifice, for the most 
accurate and reproducible data. The closer the sample volume is 
placed to the orifice of the vein, the more turbulent and less dis¬ 
tinct the Doppler signal becomes. In the uncommon pediatric 
patient with a suboptimal apical 4-chamber view, the paraster¬ 
nal, subcostal and/or suprasternal views may provide visual¬ 
ization and alignment with pulmonary venous inflow. Trans¬ 
esophageal imaging also provides an excellent window for eval¬ 
uation of pulmonary venous inflow. 

Measurements 

Measurements performed on the pulmonary venous inflow 
Doppler trace include peak systolic (S wave) velocity, peak dias¬ 
tolic (D wave) velocity, the velocity time integral during the sys¬ 
tolic and diastolic phases compared with the total area under the 
curve, and systolic/diastolic velocity and velocity time integral 
ratios (Figure 8.3). The systolic pulmonary venous flow is fre¬ 
quently biphasic in infants and young children and likely repre¬ 
sents dissociation between atrial relaxation and mitral annular 
displacement (Figure 8.4). The highest systolic velocity is usu¬ 
ally measured. Finally, the velocity and duration of atrial reversal 
(Ar wave) have been measured and found to be important in dif¬ 
ferentiating diastolic Doppler patterns in the face of elevated left 
atrial and left ventricular end-diastolic pressure (see later section 
“Patterns of diastolic dysfunction”). 


Figure 8.3 Pulmonary venous inflow Doppler. Phasic flow is 
characteristically seen with peaks in diastole (D) and systole (S) and 
deceleration of flow at end-systole and end-diastole. Atrial reversal of flow 
(Ar) can be seen in late diastole with atrial contraction and may reflect 
elevated left ventricular end-diastolic filling pressure. 
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Figure 8.4 Pulmonary venous inflow Doppler in an infant with triphasic 
peaks during left atrial filling. There are two peaks in systole and one peak 
in diastole (D). The initial systolic peak (SI) likely represents atrial 
relaxation in early systole, whereas the second systolic peak (S2) is 
associated with augmented atrial filling secondary to mitral annular 
displacement toward the apex during ventricular contraction; this pattern 
is a normal variant and not characteristic of diastolic disease. 


Tricuspid and systemic venous inflow 

Right heart filling can also be assessed by Doppler echocardio¬ 
graphy. Indices of diastolic function used for mitral and pul¬ 
monary vein inflow can be applied to the tricuspid and systemic 
venous inflow Doppler patterns, and appropriate positioning of 
the Doppler cursor remains important. Right ventricular dias¬ 
tolic function can be difficult to assess by inflow Doppler analy¬ 
sis of tricuspid and systemic venous inflow, however, because of 
variable preload with normal respiration. There can be dramatic 
variations in right ventricular filling with changes in intratho- 
racic pressure during the respiratory cycle. Inspiration lowers 
intrathoracic pressure and augments systemic venous empty¬ 
ing into the right atrium, and this alters the patterns of both 
systemic venous emptying and tricuspid inflow that are unre¬ 
lated to the diastolic properties of the right ventricle. Forward 
systemic vein inflow is augmented and tricuspid inflow veloc¬ 
ities increased with inspiration, and these flows are decreased 
with exhalation/positive-pressure ventilation when intratho¬ 
racic pressure increases. The tricuspid inflow peak E velocity 
increases by 26% and peak A by 20% with inspiration in normal 
children. 

Caveats 

Inflow Doppler patterns are influenced by AV valve stenosis, 
AV valve insufficiency, pulmonary/systemic venous obstruc¬ 
tion, and arrhythmias. When these are present, assessment of 
the diastolic properties of the ventricle using inflow Doppler 
becomes difficult and should be made with caution. 

Tissue Doppler Imaging 

Changes in inflow Doppler tracings may not reflect alterations 
in the intrinsic diastolic properties of the ventricular muscle, as 
they are frequently influenced by myocardial loading conditions. 
The development of ultrasonic quantitative imaging of myocar¬ 
dial motion has improved understanding of myocardial dias¬ 
tolic function in both normal children and children with heart 


disease. The technique that has been the focus of the major¬ 
ity of investigation, called tissue Doppler imaging (TDI), allows 
regional assessment of myocardial wall velocities throughout the 
cardiac cycle. Specifically, pulsed Doppler assessment of longi¬ 
tudinal mitral, septal, and tricuspid annular motion has yielded 
important new observations in both children and adults, and 
has become a complementary technique to standard diastolic 
indices of function using echocardiography. Application of this 
technique in the analysis of mitral annular motion has provided 
additional insight in the noninvasive assessment of left ven¬ 
tricular diastolic function [13-17]. Similarly, tricuspid annular 
motion as an assessment tool for diastolic right ventricular func¬ 
tion has been described [17,18]. Importantly, there is no sig¬ 
nificant variation in tricuspid annular motion with respiration, 
suggesting that this technique, unlike tricuspid inflow, is rela¬ 
tively preload independent [18]. The mitral early diastolic annu¬ 
lar velocity also appears to be relatively preload independent, so 
that changes in intravascular volume have little effect on that 
velocity [19]. This is in striking contrast to mitral inflow veloc¬ 
ities, which can change dramatically with changes in intravas¬ 
cular volume [20]. Given the variable volume loads that return 
to the heart in children with congenital heart disease, it appears 
that pulsed TDI maybe a helpful load-independent technique in 
assessing ventricular diastolic function in pediatric echocardio¬ 
graphy (Table 8.2). 

Ventricular myocardial contraction and expansion occur 
along the major (apex to base) and minor (anterior to poste¬ 
rior) axes. AV valve annular motion occurs along the long axis of 
the ventricle as the annulus is displaced toward the apex in sys¬ 
tole and away from the apex in diastole. Early diastolic motion of 
the annulus appears to reflect recoil of the ventricle from a con¬ 
tracted state and has correlated well with other indices of relax¬ 
ation in clinical studies [13,15], whereas late diastolic annular 
motion is likely affected by both ventricular diastolic and atrial 
systolic function. The apical echocardiographic window appears 
to be an ideal view to assess annular motion because the motion 
is parallel to the apex, allowing well-aligned Doppler interroga¬ 
tion throughout the cardiac cycle. In addition, the apex and crux 
of the heart are relatively fixed in position with little translational 
(i.e., rocking) motion of the heart throughout the cardiac cycle. 

Technique 

Doppler assessment of annular motion requires a modified wall 
filter and decreased overall gains to display the low-velocity, 
high-amplitude signals of the myocardium while avoiding blood 
flow detection. This modification is available from most com¬ 
mercial ultrasound vendors. Annular pulsed TDI recordings are 
best obtained from an apical 4-chamber view with the patient in 
the left lateral decubitus position (Figure 8.5). Transducer angu¬ 
lation and position changes to maximize parallel alignment of 
the Doppler cursor with the plane of maximal annular motion 
are frequently required. The pulsed Doppler cursor generally 
provides the best annular velocity signals when the sample vol¬ 
ume gate is 3-5 mm in children. In order to visualize clearly the 
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Table 8.2 Tissue Doppler indices 


Strengths 


Weaknesses 


Tissue Doppler indices 

Isovolumic relaxation time (IVRT) 


e'/a' ratio 


E/e' ratio 


• Easy to obtain 

• Relatively heart rate independent 

• Prolongation is a good marker of early mild diastolic 
disease 

• Easy to obtain 

• Geometry independent 

• Less load dependent than inflow Doppler 

• Varies with progressive diastolic disease 

• Easy to obtain 

• Helps discriminate normal vs. "pseudonormal" 
mitral inflow patterns 


• Poor discriminator of more severe forms of diastolic 
disease 


• Requires sinus rhythm 

• Age-dependent normal values 

• Fusion with increased HR 

• Tissue velocities angle dependent and influenced by 
overall motion of the heart (cardiac translation) 

• Requires sinus rhythm 

• Affected by mitral valve disease 

• Not accessible at higher HR (fusion) 

• Insensitive marker in children because of wide 
variation in normal ranges 


low-velocity spectral Doppler patterns, the Nyquist limits should 
be decreased to 15-30 cm/s while using the lowest wall filter set¬ 
tings. It is also helpful to lower the dynamic range to 30-35 dB 
and decrease overall gains to minimize noise around the sig¬ 
nal. Recordings should be made with a simultaneous ECG dis¬ 
play to correlate timing of annular motion with cardiac electrical 
events. Doppler tracings should be displayed at a sweep speed of 
100-150 mm/s to separate waveforms better and assess temporal 
changes in myocardial wall motion. 

The mitral and tricuspid annuli have circumferential attach¬ 
ments to the ventricular myocardium. Mitral annular motion at 
the septal-annular junction is easily obtained because the trans¬ 
ducer can be best maintained parallel to annular motion at the 
septum. It may not completely reflect left ventricular dynamics, 
however, because of the influence of right ventricular function 
on septal motion. Lateral-annular motion probably provides a 



Figure 8.5 Apical 4-chamber image of Doppler cursor position to obtain 
pulsed tissue Doppler imaging (TDI) recordings from the mitral 
septal-annular and mitral lateral-annular junctions and the tricuspid 
annular (nonseptal) junction. 


better assessment of left ventricular myocardial function, but it 
is harder to maintain a parallel transducer position when assess¬ 
ing the lateral-annular junction because of translational shifts 
in cardiac position during the cardiac cycle. Tricuspid annular 
motion, as a reflection of right ventricular longitudinal function, 
is best assessed at the medial-annular (i.e., nonseptal) junction. 
All three positions can provide high-quality spectral Doppler 
tracings that can be easily recorded and interpreted. 

Measurements 

Several diastolic measurements can be obtained from the pulsed 
TDI tracings of annular motion (Figure 8.6). Two diastolic 
waveforms are usually seen, much like the E and A waves on 
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Figure 8.6 A typical pulsed tissue Doppler imaging (TDI) tracing from the 
mitral annulus showing the different measures that can be obtained. Two 
diastolic waveforms are usually seen below the baseline: the annular 
velocity during early diastole (e'), and the annular velocity during atrial 
contraction (a'). The deceleration time (DT) is the interval from the peak 
e' velocity until cessation of early diastolic annular motion. The systolic 
annular velocity (s') is the dominant waveform above the baseline, starting 
shortly after the QRS complex. The isovolumic relaxation time (IR, 
measured as the time from the end of the systolic waveform to the 
beginning of the early diastolic velocity) and the isovolumic contraction 
time (IC, measured as the time from the end of the diastolic waveform with 
atrial contraction to initiation of the systolic velocity) are identified with 
arrows. Small, low-velocity waveforms are commonly seen during 
isovolumic relaxation and likely represent translational changes in annular 
position. 
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Table 8.3 Other diastolic function indices 



Strengths 

Weaknesses 

Other indices 



Color M-mode flow propagation 

• Correlates with tau 

• Angle and HR dependent 


• Preload independent 


LA diameter (M-mode) 

• Easy to obtain 

• Less accurate in LA size assessment than volumes 

LA volume (biplane Simpson or 

• Established normative data 

• Affected by mitral valve disease and intracardiac 

area-length method) 

• Likely best marker of chronic diastolic disease 

shunts 


• More accurate than diameter by M-mode 

• Requires precise techniques 


inflow Doppler, that represent the early diastolic annular velocity 
(called the e' or E a wave) and diastolic velocity with atrial con¬ 
traction (called a' or A a wave). These waveforms are seen below 
the baseline as the annulus moves away from the apex in dias¬ 
tole. A third distinct waveform is seen above the baseline during 
systole and represents systolic mitral annular motion toward the 
apex (called s' or S a wave). Diastolic time intervals can also be 
measured. Isovolumic relaxation, the time from the end of sys¬ 
tolic motion to the initiation of early diastolic motion, can fre¬ 
quently be identified. It may be associated with very low-velocity 
signals that likely represent translational shifts in heart position 
with the transition from systole to diastole. 

Limitations 

Although pulsed TDI of both tricuspid and mitral annular 
motion have been found to be clinically useful, some caveats 
are important to remember when applying this technique. TDI 
velocities, just like blood flow velocities, are dependent on the 
angle of insonation; it is critical to interrogate the myocar¬ 
dial segment parallel to the wall motion in order to obtain the 
true peak velocities. Some myocardial segments have very low- 
velocity motion, and it sometimes can be difficult to separate 
this motion from translational shifts in the cardiac mass during 
the cardiac cycle. Finally, it is important to remember that seg¬ 
mental wall motion patterns may not reflect global myocardial 
function. 

Color M-mode flow propagation 

The pattern of ventricular filling can be visualized by M-mode 
assessment of early diastolic flow propagation velocity from AV 
valve to apex using color Doppler (Table 8.3). The color M-mode 
tracing is obtained from the apical 4-chamber view with the 
cursor aligned parallel with diastolic inflow. The area of color 
Doppler interrogation is manipulated to obtain the longest col¬ 
umn of flow from the AV annulus to the apex of the ventricle. 
The M-mode cursor is positioned through the center of the color 
signal. This index can be useful in the routine clinical evalua¬ 
tion of LV diastolic function as it provides an estimate of ven¬ 
tricular filling that appears to correlate well with the time con¬ 
stant of LV relaxation (t) [21]. Studies have found that color 
M-mode Doppler is not affected by preload alterations and is 
most strongly influenced by LV relaxation both in experimental 
models during varying lusitropic conditions [22] and in humans 


with heart disease [23]. As relaxation becomes abnormal, the 
rate of early diastolic flow propagation into the ventricle slows. 
This decrease in flow propagation can be measured as the slope 
(described as the flow propagation velocity, or V ) of the line 
drawn from apex to base on the color tracing (Figure 8.7). The 
slope of flow propagation can be best seen by decreasing the 
color Nyquist limit to display the first color aliasing velocity 
(usually at Nyquist velocity about 75% of the peak E-wave veloc¬ 
ity). The higher the slope, the faster the flow propagation and 
more rapid the ventricular relaxation. 

Myocardial deformation imaging 

Strain rate/strain imaging 

Strain rate and strain imaging appear to be important new 
methods for the quantification of both left ventricular and right 
ventricular function. Assessment of myocardial mechanics 
is now available echo car diographically for quantification of 
regional myocardial function. Importantly, myocardial strain 
and strain rate quantify myocardial deformation while negating 
the effects of cardiac translational motion and local tethering 
effects that complicate pulsed Doppler analysis of annular 
motion [24-26]. Regional strain rate corresponds to the rate of 
deformation of a specific segment of the myocardium. Strain rate 
curves are calculated from tissue velocity data, where the strain 
rate is the difference of two velocities in the segment of interest 



Figure 8.7 M-mode color Doppler image of the flow propagation velocity 
of mitral inflow. The M-mode cursor is directed apex to base through the 
left ventricular inflow from a 4-chamber view, and the color Doppler 
Nyquist limit is dropped until a clear linear aliasing envelope is seen in the 
color Doppler tracing. The propagation velocity (Lp) is the slope of the line 
drawn parallel to the aliasing envelope (arrow). Steeper slopes correlate 
with more rapid diastolic relaxation in the ventricle. 
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divided by the distance between those two velocity points. Strain 
is calculated by integrating strain rate over time and is expressed 
as a percentage. Limitations related to angle dependence as well 
as signal noise have compromised the clinical acceptance of 
TDI-derived strain and strain rate measurements, and therefore 
a Doppler-independent technique is attractive. Speckle tracking 
echocardiography (STE) is a Doppler-independent technique to 
derive directionally unconstrained imaging of the myocardial 
motion. Speckles are ultrasound reflectors within tissue and 
are highly reproducible. This technique computes and displays 
multiple derivative parameters of diastolic function, including 
diastolic velocities, diastolic strain rate, and times to peak for 
these parameters from the tracked endocardial contour by 
advanced analyses (Figure 8.8) [25]. The load dependency [20] 
and influence of heart rate [27] on strain and strain rate have 
also been investigated, but application of STE in the assessment 
of diastolic function in children has been limited. 

Left atrial volume 

Left atrial (LA) volume appears to be a reliable marker of dura¬ 
tion and severity of left ventricular diastolic disease. It is attrac¬ 
tive because whereas Doppler indices describe diastolic function 
at one moment in time, LA volumes reflect chronic cumula¬ 
tive filling pressures over time. LA volume has been well cor¬ 
related with the severity of diastolic dysfunction as estimated 
by Doppler echocardiographic methods in the elderly; only 
9% of the population with evidence of normal diastolic func¬ 
tion had LA enlargement (defined as >30 cm 3 /m 2 in women 
and >33 mL/m 2 in men) whereas 100% of those with esti¬ 
mated severe dysfunction had a significantly enlarged LA [28]. 
Left atrial enlargement, as evidenced by an indexed volume of 
>32 cm 3 /m 2 , has also been shown to be a risk factor for a first 
cardiovascular event (atrial fibrillation, stroke, heart failure) in 
elderly adults [29]. Finally, LA enlargement has been correlated 
with survival in the elderly, with those patients with the largest 
atria having the poorest survival. This measure has not been rou¬ 
tinely utilized in children, although normal values have been 
established and appear to vary with patient size. Healthy chil¬ 
dren and young adults were divided into five groups according to 
body surface area: 0.5-0.75 m 2 , 0.75-1.0 m 2 ,1.0-1.25 m 2 ,1.25- 
1.5 m 2 and >1.5 m 2 ; mean left atrial maximum volume/body 
surface area as estimated by three-dimensional (3D) echocar¬ 
diography was 19.6, 21.7, 22.0, 24.5, and 27.4 mL/m 2 , respec¬ 
tively [30]. Unfortunately, normal values for right atrial volumes 
in children have not been established. 

The size of the LA varies during the cardiac cycle and only 
maximum LA volume is routinely measured in clinical practice. 
This is best assessed at mitral valve opening. The minimum vol¬ 
ume can also be measured and is best estimated at mitral valve 
closure at end-diastole. The LA can be assessed by the phasic 
functions of the chamber during diastole: these can be described 
by the total LA emptying volume as an estimate of reservoir vol¬ 
ume, which is calculated as the difference between maximum 
and minimum LA volumes; the LA passive emptying volume 



Figure 8.8 Longitudinal strain rate graph from the endocardium of the left 
ventricle in a child with normal intracardiac anatomy and function. The 
ventricle is divided into six segments as described in the table above the 
graph (base left, mid left, apex left, base right, mid right and apex right), 
and strain rate from the different segments is calculated using speckle 
tracking. The linear graph colors correspond to the segments represented, 
and the strain rate (SR) throughout the cardiac cycle is displayed. Systolic 
SR is negative because the distance between the two points interrogated is 
shortening, whereas diastolic SR is positive as the distance is lengthening in 
the normal heart. Two distinct diastolic curves are seen, representing early 
(E) filling and filling with atrial contraction (A). Notice that the E and A 
diastolic SR peaks occur at similar intervals from QRS activation of the 
ventricle, and the time to peak (TPk) for diastolic SR from the different 
segments is provided in the table as a gauge of synchrony. Pk, peak. 


(calculated as the difference between maximal LA volume and 
the LA volume preceding atrial contraction); LA active empty¬ 
ing (contractile) volume (calculated as the difference between 
pre-atrial contraction LA volume and minimum LA volume); 
and LA conduit volume (calculated as the difference between 
LV stroke volume and the total LA emptying volume). Not sur¬ 
prisingly, phasic contributions vary with the degree of diastolic 
dysfunction, with the relative contribution of the reservoir, con¬ 
duit and contractile function of the LA to the filling of the LV 
in normal adults estimated at 40%, 35%, and 25%, respectively 
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Figure 8.9 Calculation of left atrial volume using the biplane method of 
disks (modified Simpsons rule) from orthogonal apical 4-chamber and 
2-chamber images with the left atrium traced at its maximum volume at 
end-systole immediately before mitral valve opening. 


[31]. With abnormal LV relaxation, the relative contribution 
of LA reservoir and contractile function increases and conduit 
function decreases. However, as LV filling pressure progressively 
increases with advancing diastolic dysfunction, the LA serves 
predominantly as a conduit. 

Many methods exist to estimate LA size, including M-mode 
assessment of diameter. The American Society of Echocar¬ 
diography has recommended quantification of LA size by 
biplane two-dimensional (2D) echocardiography using either 
the method of disks (by Simpsons rule) (Figure 8.9) or the area- 
length method (Figure 8.10) [8] (Table 8.3). Both methods have 
been validated and appear to be more accurate than M-mode 
estimates of LA size. Both techniques underestimate LA volume 
compared with magnetic resonance and computed tomography 
methods. It is important to remember certain caveats to improve 
accuracy of the measure: 

• the LA can be foreshortened by inappropriate transducer posi¬ 
tion; the length measure of the two orthogonal planes utilized 
should not differ by more than 5 mm; 

• the maximal LA volume should be measured; this is the frame 
immediately before mitral valve opening; and 

• the LA border should be consistently measured; the inferior 
border of the LA is the mid-point of the mitral annulus (not 
the leaflet tips), and the tracing of the border should exclude 
the appendage and pulmonary venous confluence. 


Diastolic disease 

Patterns of diastolic dysfunction 

Because of the many physiologic variables that determine atrial 
and ventricular filling, simple analysis of pulmonary venous and 
mitral inflow Doppler patterns as the sole means of diagnosing 
diastolic dysfunction can be limited. Elegant studies by Appleton 
and colleagues, however, have provided significant insight into 
the etiology of commonly identified Doppler patterns seen in 



Figure 8.10 Calculation of left atrial volume using the biplane area-length 
method from orthogonal apical 4-chamber and 2-chamber images with the 
left atrium traced at its maximum volume at end-systole immediately 
before mitral valve opening. The formula for LA volume is 
8/3 ji[(A 1 )(A 2 )/(L)] where L is the shortest of either the apical 4- or 
2-chamber length. Note that the length is measured from the back wall to 
the hinge point of the mitral annulus, not the mitral leaflets. 


a variety of disease states [32,33]. They identified Doppler pat¬ 
terns of mitral and pulmonary venous inflow that appear to cor¬ 
relate more with myocardial function and hemodynamic status 
than the disease process itself. They proposed a dynamic con¬ 
tinuum of abnormal Doppler patterns that varied with changes 
in left atrial pressure, rate of relaxation of the left ventricle and 
compliance of the ventricle (Table 8.4). 

Abnormal relaxation with normal atrial pressure 

The mildest form of diastolic dysfunction is abnormal ventric¬ 
ular relaxation, when the active uncoupling of the ventricular 
muscle after systolic contraction is delayed. Diastolic dysfunc¬ 
tion is initially manifested by impaired left ventricular relax¬ 
ation; because ventricular compliance is unaffected, normal left 
atrial pressure is maintained. In this pattern, a slower rate of 
ventricular pressure fall after ventricular contraction results in 
later AV valve opening and a longer isovolumic relaxation time. 
Delayed relaxation also causes a reduced early diastolic pres¬ 
sure gradient across the AV valve so that the peak E veloc¬ 
ity is decreased. Relaxation continues during early diastole and 
delays the ventricular pressure rise during rapid filling, prolong¬ 
ing the E-wave deceleration time. With less filling in early dias¬ 
tole, the percentage of filling with atrial contraction will likely 
be increased as a compensatory mechanism to maintain car¬ 
diac output, resulting in an increased A-wave velocity, decreased 
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Table 8.4 Classification of left ventricular diastolic function 



early filling fractions and decreased E-wave/A-wave velocity and 
VTI ratios (Figure 8.11). In addition, atrial emptying is slower 
during early diastole in these patients with a resultant decrease 
in diastolic venous inflow and dominant systolic venous veloci¬ 
ties (Figure 8.12). Because atrial pressures are generally not sig¬ 
nificantly elevated in these patients, there is little reversal of vein 
flow with atrial contraction. The presence of a mid-diastolic fill¬ 
ing wave is occasionally seen in patients with abnormal relax¬ 
ation and slower heart rates; this “L” wave (as characterized by 
Keren et al. [34]) appears to reflect markedly delayed relaxation 
that creates a mid-diastolic pressure gradient across the mitral 
valve with resultant additional filling during the diastasis phase 
between the E and A waves (Figure 8.13). 

Abnormal relaxation with elevated atrial pressure 

As diastolic disease progresses, an intermediate or “pseudo - 
normal” inflow pattern is seen in patients with abnormal ven¬ 
tricular relaxation in association with a moderate increase in 
atrial pressure [32,33]. Worsening diastolic disease results in 
reduced ventricular compliance and an increase in atrial dias¬ 
tolic pressure, which normalizes the early diastolic gradient from 
atrium to ventricle with resultant normalization of the E-wave 
velocity and E/A velocity ratio. In these patients, the increase 



Figure 8.11 Mitral inflow Doppler in a child with abnormal relaxation. 
Note the decreased early diastolic (E) velocities and increased velocities 
with atrial contraction (A). Deceleration time of the E-wave velocity is also 
prolonged (arrows) and reflects the delay in relaxation into mid-diastole. 


in atrial pressure masked relaxation abnormalities by normal¬ 
izing the early diastolic pressure gradient across the AV valve. 
An inflow tracing that is indistinguishable from normal results 
(the “pseudo-normal” pattern). This limits the utility of inflow 
Doppler as an effective screen for diastolic disease. Because of 
this, it has been recognized that analysis of pulmonary venous 
inflow patterns is a useful adjunct in the assessment of left ven¬ 
tricular diastolic disease in children and adults. Most impor¬ 
tantly, prolonged reversal of pulmonary vein flow with atrial 
contraction (PV Ar wave) has been identified as a sensitive and 
specific sign of elevated left ventricular filling pressure. Because 
normal children and adults can have some reflux of blood into 
the pulmonary veins with atrial contraction, the key feature of 
the PV Ar wave is that its duration is prolonged compared with 
the duration of A-wave filling on the mitral inflow Doppler trac¬ 
ing. A pediatric study from the Mayo Clinic documented a sensi¬ 
tivity and specificity of approximately 90% for elevated LV end- 
diastolic pressure when the ratio of the PV A-wave duration to 
the mitral A-wave duration is greater than 1.2, and when the dif¬ 
ference between the PV Ar-wave duration and the mitral inflow 
A-wave duration exceeds 29 ms [7]. Identification of prolonged 
atrial reversal in the pulmonary veins appears to be the most 
sensitive indicator of LV diastolic disease available from Doppler 
inflow analysis (Figure 8.14). 



Figure 8.12 Pulmonary venous inflow Doppler in a child with abnormal 
relaxation. Note the decreased diastolic (D) velocities compared with the 
systolic (S) velocities. No reversal of flow with atrial contraction is seen, 
suggesting that end-diastolic left ventricular pressure is not increased. 
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Figure 8.13 Mitral inflow Doppler (top panel) and septal annular pulsed 
tissue Doppler imaging (TDI; bottom panel) recordings from a child with 
abnormal left ventricular relaxation. The mitral inflow is unusual with 
decreased early diastolic velocities (E) and a prominent mid-diastolic filling 
wave (L). The mitral annular TDI tracing mimics this pattern with 
significantly decreased early annular (e') velocities and mid-diastolic 
annular motion (T); these waves appear to initiate the early and 
mid-diastolic inflow waves on the mitral inflow trace (arrows) and likely 
represent delayed and prolonged ventricular relaxation. Not surprisingly, 
isovolumic relaxation (IR) is also prolonged. Annular motion with atrial 
contraction (a') and inflow with atrial contraction (A) appear unaffected. 

The utility of diastolic annular TDI patterns as a marker of 
abnormal relaxation has been well demonstrated. The early dias¬ 
tolic mitral TDI velocity (e' wave) has also been found to be 
significantly lower in patients with abnormal relaxation com¬ 
pared with normal subjects. Importantly, however, this decrease 
in e' persisted in patients with a pseudo-normal mitral inflow 
Doppler pattern and elevated left atrial pressure [15,16]. These 
findings suggest that the early diastolic annular velocity may 
be a more sensitive indicator of abnormal relaxation, and inva¬ 
sive studies have shown a good inverse correlation between e' 
and the time constant of left ventricular pressure decay tau. 
The early diastolic annular velocity also appears to be relatively 
preload independent, with no significant change during vol¬ 
ume loading [19,20]. This contrasts with mitral inflow veloci¬ 
ties, which have been shown to vary significantly with changes in 
volume status and preload. Because mitral inflow E-wave veloc¬ 
ity increases whereas mitral annular e'-wave velocity remains 
low with increasing left atrial pressure in patients with diastolic 
dysfunction, the E/e' ratio appears be a useful noninvasive pre¬ 
dictor of increased left atrial pressure (Figure 8.15). A hemody¬ 
namic study correlated an E/e' ratio >10 with pulmonary capil¬ 
lary wedge pressure >12 mmHg in adults [15]. 

Color M-mode assessment of LV flow propagation has been 
used to differentiate patients with normal from those with 



(a) 



Figure 8.14 Mitral inflow Doppler (a) and pulmonary venous inflow 
Doppler (b) tracings from a child with diastolic disease characterized by 
pseudo-normal left ventricular filling. The mitral inflow tracing appears 
normal because the early diastolic filling (E) velocity has been 
“pseudo-normalized” by elevated left atrial pressures with poor left 
ventricular (LV) compliance. The pulmonary venous inflow tracing shows 
prolonged atrial reversal (Ar) with atrial contraction, and the Ar duration 
(120 ms) exceeds the A duration (80 ms) from the mitral tracing. This 
finding correlates with elevated end-diastolic ventricular pressure and 
helps to discriminate that the mitral pattern is “pseudo-normal.” D, 
diastolic velocities; S, systolic velocities. 

“pseudo-normal” filling, and to estimate the effect of LV fill¬ 
ing pressure when combined with pulsed Doppler indices. 
Decreased rates of flow propagation (V ) correlate with delayed 
relaxation, and this persists in the face of increasing left atrial 
pressure. A study in children used color M-mode Doppler to 
assess diastolic function and found that the ratio of the mitral 
inflow E-wave velocity to V p was a good predictor of elevated 
LV end-diastolic pressure. A ratio of E/V p >2.0 predicted an 
LV end-diastolic pressure >15 mmHg with a sensitivity of 100% 
and a specificity of 77% [21]. In addition, color M-mode flow 
propagation, like early annular diastolic velocities, appears to be 
preload independent [22]. This is another tool for the identifi¬ 
cation of “pseudo-normal” LV filling. 

Abnormal ventricular compliance 

The most severe form of diastolic disease is seen in patients with 
poor ventricular compliance and markedly elevated atrial pres¬ 
sures. Because of increased ventricular stiffness to filling, atrial 
pressures are elevated and generate an increased early pressure 
gradient across the AV valve. An increase in peak E-wave 
velocity results as blood rapidly fills the ventricle. Because of 
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Figure 8.15 Mitral inflow Doppler (top panel) and septal annular pulsed 
TDI (bottom panel) recordings from a child with pseudo-normal left 
ventricular filling. The mitral inflow tracing appears normal because the 
early diastolic filling (E) velocity has been “pseudo-normalized” by elevated 
left atrial pressures with altered LV compliance. The mitral annular TDI 
tracing shows a significantly decreased early annular (e') velocity, however, 
reflecting abnormal diastolic relaxation that is unaffected by the elevation 
in filling pressure. Because the E-wave velocity normalizes with increasing 
filling pressure while the e' velocity remains decreased as diastolic disease 
progresses, the E/e' ratio can be used to identify diastolic disease. In this 
example, the E/e' ratio is 120/7 = 17.1, which is clearly above the normal 
range of 7.0 ± 1.9 in children. 


abnormal ventricular compliance, however, ventricular pressure 
rises rapidly with small changes in volume. This abrupt increase 
in ventricular diastolic pressure during rapid filling causes 
premature cessation of E-wave flow and a short deceleration 
time (Figure 8.16). Ventricular pressures are markedly elevated 
in late diastole, resulting in a decreased or absent peak A-wave 
velocity because only a slight additional pressure gradient can 
be generated across the AV valve with atrial contraction. High 
atrial pressure also results in early AV valve opening during 
ventricular relaxation, and this can be identified by a shortened 
isovolumic relaxation time. Venous inflow Doppler shows rapid 



Figure 8.17 Pulmonary venous inflow Doppler in a child with abnormal 
ventricular compliance. Note the increased diastolic (D) velocities 
compared with the systolic (S) velocities, with rapid deceleration of the 
diastolic wave in mid-diastole (DT), reflecting the rapid increase in left 
ventricular pressure during early filling with a resultant increase in diastolic 
left atrial pressure and abrupt cessation of pulmonary venous emptying. 
Atrial reversal of flow with atrial contraction is seen (Ar), reflecting the 
marked increase in end-diastolic left ventricular pressure as an additional 
sign of poor compliance. Systolic venous inflow is blunted because of the 
chronic left atrial hypertension and distension. 


atrial filling in early diastole with AV valve opening as the high- 
pressure atrium empties; this flow decelerates in mid-diastole 
as ventricular pressures rise abruptly with filling (Figure 8.17). 
There frequently is prolonged reversal of venous inflow with 
atrial contraction because of the dramatic increase in both atrial 
and ventricular pressure at end-diastole. Systolic venous inflow 
is blunted because of chronic atrial hypertension and distension. 

As with pulmonary venous inflow, identification of high- 
velocity reversal of inferior vena cava inflow with atrial con¬ 
traction suggests poor right ventricular compliance and has 
been used to identify elevated right atrial filling pressures in 
adults. Specifically, reversal velocities during atrial contraction 
that exceed forward velocities have been correlated with cen¬ 
tral venous pressures greater than 15 mmHg (Figure 8.18) [35]. 
This finding has not been corroborated in children and is likely 



Figure 8.16 Mitral inflow Doppler in a child with abnormal ventricular 
compliance. Note the increased early diastolic (E) velocities and rapid 
deceleration time (DT) of the E-wave velocity secondary to the poor 
compliance as ventricular pressure rises rapidly during early filling, 
abolishing the early transvalvar gradient across the mitral valve. In late 
diastole, ventricular pressures have risen to the point where very little 
additional filling occurs with atrial contraction (arrows). 



Figure 8.18 Hepatic venous inflow Doppler in a child with abnormal right 
ventricular compliance. Early diastolic (D) velocities are seen below the 
baseline, reflecting forward flow into the right atrium. However, there is 
marked reversal of flow with atrial contraction (Ar), with a peak velocity 
that exceeds the forward diastolic peak velocity (65 vs. 52 cm/s), reflecting 
markedly elevated right atrial end-diastolic pressure. In addition, there is 
significant tricuspid insufficiency in the patient, with resultant reversal of 
flow during systole as well (S). 
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Table 8.5 Normal inflow Doppler values in infants and children 


Demographics 

<1 year 

1-5 y 

6-9 y 

10-13y 

14-18y 

Total 

N 

63 

68 

55 

58 

81 

325 

Male 

29 

39 

27 

38 

44 

177 

Age (y) 

0.40 ± 0.30 

3.05 ± 1.5 V 

7.91 ±1.12* 

11.99 ± 1.11* 

16.0 ± 1.40* 

78 ±6.0 

Weight (kg) 

6.6 ±2.7 

15.1 ± 5.4* 

33.8 ± 14.9* 

47.2 ± 16.3* 

66.1 ± 15.5* 

33.3 ±25.2 

BSA (m 2 ) 

0.34 ±0.08 

0.62 ±0.14+ 

1.07 ±0.27* 

1.37 ±0.29* 

1.73 ±0.25* 

1.0 ±0.6 

HR(bpm) 

124 ± 16 

105 ±17* 

80 ± 11* 

75 ± 12 

69 ± 16 

90 ±26 

Echocardiographic 







LV EDD (cm) 

2.3 ±0.3 

3.1 ± 0.4* 

3.9 ±0.4* 

4.3 ± 0.4* 

4.7 ± 0.4* 

3.6 ± 1.0 

LV ESD (cm) 

1.4 ±0.2 

1.9 ±0.3* 

2.4 ±0.3* 

2.7 ±0.3* 

3.0 ±0.4* 

2.3 ±0.6 

LV PWT (cm) 

0.4 ±0.1 

0.6 ±0.1* 

0.7 ±0.1* 

0.8 ±0.1* 

0.9 ±0.2 

0.7 ±0.2 

LV SWT (cm) 

0.5 ±0.1 

0.6 ±0.1* 

0.8 ±0.1* 

0.8 ±0.2 

1.0 ±0.2* 

0.7 ± 0.2 

LV mass (g/m 2 ) 

18.9 ±6.5 

43.6 ± 16.4* 

82.3 ±28.3* 

110.1 ±32.9* 

158.4 ±48.5* 

81.8 ±58.9 

Mitral E velocity 

79.7 ± 18.8 

95.2 ± 19.5* 

94.4 ± 14.8 

94.5 ± 16.0 

90.3 ± 17.8 

90.8 ± 18.5 

Mitral A velocity 

65.3 ± 13.3 

61.3 ± 12.1 

49.4 ± 12.5* 

49.5 ± 13.8 

45.5 ± 13.2 

54.4 ± 15.0 

Mitral E/A ratio 

1.24 ±0.30 

1.60 ±0.46* 

1.99 ±0.51* 

2.02 ±0.58 

2.13 ±0.65 

1.79 ±0.61 

PV S-wave velocity 

44.6 ± 10.3 

48.0 ±8.9 

50.7 ±11.3 

49.0 ± 11.1 

47.7 ±7.3 

48.7 ±9.2 

PV D-wave velocity 

46.0 ±9.5 

54.5 ±11.0* 

53.3 ±11.4 

58.4 ± 12.1 

57.9 ± 15.0 

54.6 ± 12.9 

PV A-reversal velocity 

16.4 ±6.3 

20.6 ±4.3* 

20.2 ±3.8 

21.2 ±4.9 

20.0 ±5.2 

20.5 ±5.1 

Tricuspid E velocity 

53.3 ± 12.3 

61.6 ± 12.5* 

60.5 ± 13.9 

59.6 ± 11.4 

60.4 ± 10.9 

59.2 ± 12.4 

Tricuspid A velocity 

53.2 ± 13.0 

48.3 ± 12.3* 

42.4 ± 10.8* 

39.2 ±11.3 

34.5 ± 11.2* 

43.3 ± 13.5 

Tricuspid E/A ratio 

1.01 ±0.38 

1.27 ± 0.31* 

1 .49 ± 0.40* 

1.61 ±0.47* 

1.88 ±0.56* 

1.47 ±0.53 

SF (%) 

38.9 ±4.1 

38.0 ±3.6 

37.4 ±3.8 

37.4 ±4.2 

36.4 ±4.3 

37.6 ±4.1 

LV MPI 

0.33 ±0.08 

0.34 ±0.07 

0.32 ±0.06 

0.34 ±0.06 

0.34 ±0.08 

0.33 ±0.08 

RV MPI 

0.29 ±0.09 

0.28 ±0.07 

0.29 ±0.08 

0.28 ±0.08 

0.29 ±0.08 

0.28 ±0.08 


A, atrial; BSA, body surface area; D, diastolic; E, early diastolic velocity; EDD, end-diastolic dimension; ESD, end-systolic dimension; HR, heart rate; LV, left 
ventricular; MPI, myocardial performance index; PV, pulmonary venous; PWT, posterior wall thickness; S, systolic; SF, shortening fraction; SWT, systolic wall 
thickness. 

*p < 0.05, f p < 0.01 compared with preceding column. 

Data expressed as mean ± SD. 

Doppler velocities expressed as cm/s. 

Source: Eidem et al. 2004 [36]. Reproduced with permission of Elsevier. 


to be invalid when positive-pressure ventilation or airway dis¬ 
ease is present secondary to the associated dramatic changes in 
intrathoracic pressure. 

Diastolic function in pediatric patients 
without heart disease 

Age-related changes in diastolic filling 

Doppler patterns of left atrial and left ventricular filling have 
identified variable pulmonary venous and mitral inflow patterns 
that appear to correlate and change with increasing age in the 
pediatric patient. The greatest change appears to occur during 
infancy, when both fetal and neonatal Doppler patterns show 
predominant ventricular filling during atrial contraction with 
decreased peak E-wave velocity and decreased E-wave/A-wave 
velocity and velocity time integral ratios compared with older 
children. The infant mitral pattern is consistent with altered 
ventricular relaxation and a decreased early transmitral pres¬ 
sure gradient. This is also reflected in the pulmonary venous 
Doppler patterns seen in young infants, with increased peak sys¬ 
tolic velocities, decreased peak diastolic velocities, and increased 


systolic/diastolic velocity and velocity time integral ratios com¬ 
pared with older children. These patterns of altered filling seen 
in infancy likely reflect differences in the diastolic properties of 
immature myocardium, but they are also influenced by changes 
in heart rate and loading conditions. With increasing age, there 
is a shift in LV filling from late to early diastole, and a shift 
in LA filling from systole to diastole during the first year of 
life; in general, older children and adolescents have pulmonary 
venous and mitral inflow Doppler patterns that are similar to 
patterns seen in healthy young adults. Characterization of inflow 
Doppler (Table 8.5) and annular TDI velocities (Table 8.6) in 
normal neonates, children and adults has provided reference val¬ 
ues for future investigations in children and adults with congen¬ 
ital and acquired heart disease. Interestingly, the patterns of fill¬ 
ing described in infants recur in the elderly adult as part of the 
“normal” process of myocardial aging. 

Healthy children/athletes 

Diastolic properties of the LV and RV have been recently char¬ 
acterized in healthy children using inflow Doppler [10,36] and 
pulsed annular Doppler tissue imaging [17,18,36]. Mitral inflow 
parameters are remarkably stable from age 3 years through 
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Table 8.6 Normal annular tissue Doppler imaging values in infants and children 


Age group 

N 

e'-wave 

velocity 

a-wave 

velocity 

s-wave 

velocity 

ICT 

IRT 

E/E' ratio 

Mitral annular 

<1 y 

63 

9.7 ± 3.3 
( 8 . 8 - 10 . 5 ) 

5.7 ± 1.8 
( 5 . 3 - 6 . 2 ) 

5.7 ± 1.6 
( 5 . 3 - 6 . 1 ) 

77.4 ± 18.4 
( 72 . 7 - 82 . 0 ) 

57.0 ± 14.8 
( 53 . 1 - 60 . 8 ) 

8.8 ± 2.7 
( 8 . 1 - 9 . 5 ) 

1-5 y 

68 

15.1 ± 3 . 4 + 
( 14 . 3 - 15 . 4 ) 

6.5 ± 1.9 
( 6 . 1 - 7 . 0 ) 

7.7 ± 2.1 + 

( 7 . 2 - 8 . 2 ) 

76.9 ± 15.9 
( 72 . 8 - 80 . 9 ) 

62.1 ± 13.2 
( 58 . 9 - 65 . 4 ) 

6.5 ± 2 . 0 + 
( 6 . 0 - 7 . 0 ) 

6-9 y 

55 

17.2 ± 3 . 7 + 
( 16 . 2 - 18 . 3 ) 

6.7 ± 1.9 
( 6 . 2 - 7 . 3 ) 

9.5 ± 2.1 + 
( 8 . 9 - 10 . 1 ) 

77.9 ± 18.9 
( 72 . 4 - 83 . 4 ) 

62.9 ± 11.9 
( 59 . 5 - 66 . 3 ) 

5.8 ± 1.9 
( 5 . 3 - 6 . 4 ) 

10 - 13 y 

58 

19.6 ± 3 . 4 + 
( 18 . 7 - 20 . 5 ) 

6.4 ± 1.8 
( 5 . 9 - 6 . 9 ) 

10.8 ± 2 . 9 * * 
( 10 . 0 - 11 . 5 ) 

76.6 ± 16.2 
( 72 . 4 - 80 . 9 ) 

62.6 ± 12.4 
( 59 . 4 - 65 . 9 ) 

4.9 ± 1.3 
( 4 . 6 - 5 . 2 ) 

14 - 18 y 

81 

20.6 ± 3.8 
( 19 . 7 - 21 . 4 ) 

6.7 ± 1.6 
( 6 . 3 - 7 . 1 ) 

12.3 ± 2 . 9 + 
( 11 . 6 - 12 . 9 ) 

78.9 ± 15.4 
( 75 . 4 - 82 . 3 ) 

69.5 ± 15 . 5 * 
( 66 . 1 - 73 . 0 ) 

4.7 ± 1.3 
( 4 . 4 - 5 . 0 ) 

Total 

325 

16.5 ± 5.3 
( 16 . 0 - 17 . 1 ) 

6.4 ± 1.9 
( 6 . 2 - 6 . 6 ) 

9.3 ± 3.4 
( 8 . 9 - 97 ) 

77.5 ± 16.7 
( 75 . 7 - 79 . 5 ) 

63.2 ± 14.4 
( 61 . 7 - 64 . 9 ) 

6.1 ± 2.4 
( 5 . 9 - 6 . 4 ) 

Septal 

<1 y 

63 

8.1 ± 2.5 
( 7 . 5 - 8 . 7 ) 

6.1 ± 1.5 
( 57 - 6 . 4 ) 

5.4 ± 1.2 
( 5 . 1 - 57 ) 

77.5 ± 17.5 
( 73 . 0 - 82 . 0 ) 

53.0 ± 11.7 
( 50 . 0 - 56 . 0 ) 

10.3 ± 2.7 
( 9 . 7 - 11 . 0 ) 

1-5 y 

68 

11.8 ± 2 . 0 + 
( 11 . 3 - 12 . 3 ) 

6.0 ± 1.3 
( 57 - 6 . 4 ) 

7.1 ± 1 . 5 + 

( 6 . 8 - 7 . 5 ) 

80.1 ± 15.5 
( 76 . 3 - 83 . 9 ) 

59.8 ± 12.0 
( 56 . 9 - 62 . 7 ) 

8.1 ± 1 . 8 + 
( 7 . 7 - 8 . 5 ) 

6-9 y 

55 

13.4 ± 1 . 9 + 
( 12 . 8 - 13 . 9 ) 

5.9 ± 1.3 
( 5 . 5 - 6 . 3 ) 

8.0 ± 1.3 
( 7 . 6 - 8 . 4 ) 

82.8 ± 15.3 
( 78 . 4 - 87 . 2 ) 

65.6 ± 10.7 
( 62 . 5 - 68 . 7 ) 

7.2 ± 1.6 
( 6 . 8 - 7 . 7 ) 

10 - 13 y 

58 

14.5 ± 2.6 
( 13 . 8 - 15 . 2 ) 

6.1 ± 2.3 
( 5 . 6 - 67 ) 

8.2 ± 1.3 
( 7 . 9 - 8 . 5 ) 

87.9 ± 16 . 4 * 
( 83 . 6 - 92 . 2 ) 

72.5 ± 12.3 
( 69 . 3 - 75 . 8 ) 

6.6 ± 1.4 
( 6 . 3 - 7 . 0 ) 

14 - 18 y 

81 

14.9 ± 2.4 
( 14 . 3 - 15 . 4 ) 

6.2 ± 1.5 
( 5 . 9 - 6 . 6 ) 

9.0 ± 1.5 
( 87 - 9 . 3 ) 

88.4 ± 15.6 
( 84 . 9 - 91 . 9 ) 

77.5 ± 14.5 
( 74 . 3 - 80 . 8 ) 

6.4 ± 1.5 
( 6 . 1 - 6 . 8 ) 

Total 

Tricuspid annular 

325 

12.6 ± 3.4 
( 12 . 2 - 13 . 0 ) 

6.1 ± 1.6 
( 5 . 9 - 6 . 3 ) 

7.6 ± 1.9 
( 7 . 4 - 7 . 8 ) 

83.5 ± 16.5 
( 81 . 7 - 85 . 4 ) 

66.1 ± 15.3 
( 64 . 4 - 67 . 9 ) 

7.7 ± 2.3 
( 7 . 5 - 8 . 0 ) 

<1 y 

63 

13.8 ± 8.2 
( 11 . 7 - 15 . 9 ) 

9.8 ± 2.4 
( 9 . 1 - 10 . 5 ) 

10.2 ± 5.5 
( 8 . 8 - 11 . 7 ) 

68.7 ± 18.2 
( 63 . 9 - 73 . 5 ) 

52.0 ± 12.9 
( 48 . 5 - 55 . 4 ) 

4.4 ± 2.3 
( 3 . 8 - 5 . 0 ) 

1-5 y 

68 

17.1 ± 4 . 0 + 
( 16 . 1 - 18 . 1 ) 

10.9 ± 2.7 
( 10 . 2 - 11 . 6 ) 

13.2 ± 2 . 0 + 
( 12 . 7 - 13 . 7 ) 

77.7 ± 15.0 
( 73 . 9 - 81 . 5 ) 

59.0 ± 13.9 
( 55 . 4 - 62 . 5 ) 

3.8 ± 1.1 
( 3 . 5 - 4 . 1 ) 

6-9 y 

55 

16.5 ± 3.0 
( 15 . 7 - 17 . 4 ) 

9.8 ± 2.7 
( 9 . 0 - 10 . 6 ) 

13.4 ± 2.0 
( 12 . 8 - 14 . 0 ) 

91.8 ± 21 . 5 + 
( 85 . 5 - 98 . 0 ) 

58.5 ± 17.5 
( 53 . 4 - 63 . 6 ) 

3.6 ± 0.8 
( 3 . 4 - 3 . 9 ) 

10 - 13 y 

58 

16.5 ± 3.1 
( 15 . 7 - 17 . 4 ) 

10.3 ± 3.4 
( 9 . 3 - 11 . 2 ) 

13.9 ± 2.4 
( 13 . 2 - 14 . 5 ) 

98.1 ± 21.7 
( 92 . 2 - 103 . 9 ) 

61.7 ± 19.9 
( 56 . 4 - 67 . 1 ) 

3.5 ± 1.4 
( 3 . 2 - 3 . 9 ) 

14 - 18 y 

81 

16.7 ± 2.8 
( 16 . 0 - 17 . 3 ) 

10.1 ± 2.6 
( 9 . 5 - 10 . 7 ) 

14.2 ± 2.3 
( 13 . 7 - 14 . 7 ) 

101.9 ± 20.4 
( 97 . 2 - 106 . 6 ) 

62.9 ± 18.9 
( 58 . 5 - 67 . 3 ) 

3.7 ± 1.0 
( 3 . 5 - 3 . 9 ) 

Total 

325 

16.1 ± 4.7 
( 15 . 6 - 16 . 7 ) 

10.2 ± 2.8 
( 9 . 9 - 10 . 5 ) 

13.0 ± 3.4 
( 12 . 6 - 13 . 4 ) 

88.2 ± 23.1 
( 85 . 6 - 90 . 8 ) 

59.0 ± 17.2 
( 57 . 0 - 60 . 9 ) 

3.8 ± 1.4 
( 3 . 6 - 4 . 0 ) 


A, Late diastolic velocity; a', late diastolic annular velocity; ICT, isovolumic contraction time; E, early diastolic inflow Doppler velocity; e' ; early diastolic 
annular velocity; IRT, isovolumic relaxation time; S, systolic velocity; s', systolic annular velocity. 

*p < 0.05; +p < 0.01 compared with preceding age group. 

Data expressed as mean ± SD (95% confidence interval). Doppler tissue imaging velocities are expressed in cm/s. Time intervals are expressed in milliseconds. 
Source: Eidem et al. 2004 [36]. Reproduced with permission of Elsevier. 


17 years, with similar E-wave velocities, A-wave velocities, E- 
wave/A-wave velocity ratio and isovolumic relaxation time; only 
deceleration time changes significantly, and this is most likely 
related to the effect of decreasing heart rate with age. TDI mea¬ 
sures correlated significantly with age and parameters of car¬ 
diac growth [36], but were not influenced by gender, heart rate, 


or respiration. Research studies have also focused on the influ¬ 
ence of diastolic function with exercise in healthy adolescents 
and young adults. Diastolic function appears well preserved in 
elite female and male athletes [37] despite significant changes 
in LV wall thickness and ventricular dimensions. It appears 
that diastolic function has a significant impact on peak exercise 
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oxygen uptake, with a strong correlation identified between 
diastolic flow propagation into the LV using color M-mode 
and peak oxygen consumption with exercise. In fact, it appears 
that assessment of diastolic function measured at rest using 
echocardiography may be a useful predictor of better adapta¬ 
tion of myocardial performance during exercise with a positive 
impact on peak oxygen consumption. Finally, a study has iden¬ 
tified pathologic alterations in LV diastolic relaxation follow¬ 
ing marathon running in recreational runners independent of 
the predicted change in preload, suggesting the phenomenon of 
exercise-induced cardiac fatigue [38]. In some of the runners, 
these changes correlated with elevations in cardiac troponin-T, 
suggesting exercise-induced cardiac damage. It certainly raises 
the question of how much is too much when considering exer¬ 
cise as a good thing. 


Diastolic disease in pediatric patients with 
primary myocardial disease 

Hypertrophic cardiomyopathy 

Diastolic abnormalities have been consistently identified in both 
children and adults with hypertrophic cardiomyopathy. Mitral 
inflow Doppler patterns in children with nonobstructive hyper¬ 
trophic cardiomyopathy are consistent with abnormal relax¬ 
ation. Diastolic TDI patterns in patients with hypertrophic car¬ 
diomyopathy have also correlated with abnormal relaxation, and 
have been used to predict elevations in LV filling pressure using 
the E/e' ratio when pseudo-normalization of the mitral inflow 
occurs [39]. Doppler tissue imaging patterns also have identi¬ 
fied dyssynchronous diastolic function in children with hyper¬ 
trophic cardiomyopathy (Figure 8.19) and have been used to 
assess the benefit of calcium channel blocker therapy in improv¬ 
ing diastolic function [40]. Importantly, TDI patterns of annu¬ 
lar motion have been utilized to predict functional class and 


exercise capacity in children [41,42] and adults with this disease. 
A study in children with hypertrophic cardiomyopathy identi¬ 
fied annular TDI patterns that were predictive for adverse out¬ 
comes, including death, cardiac arrest, and ventricular tachycar¬ 
dia [41]. The most sensitive indicator was the ratio of the early 
transmitral E velocity/septal annular e' velocity ratio, which was 
increased in the at-risk children (median ratio 13.7 with 25th 
to 75th percentile range 12.3-15.1) compared with those with¬ 
out adverse events (median ratio 8.5 with 25th to 75th per¬ 
centile 7.4-11.2). In addition, this ratio was significantly higher 
in children with symptoms (median 11.9 vs. 8.1) and correlated 
inversely with peak oxygen consumption during exercise test¬ 
ing. Finally, diastolic annular TDI patterns, isovolumic relax¬ 
ation time and LA volume [43] have identified hypertrophic car¬ 
diomyopathy in the absence of pathologic hypertrophic changes, 
suggesting that this technique may identify a genetic predilec¬ 
tion for the disease before phenotypic expression can be identi¬ 
fied by 2D imaging. Differentiation of hypertrophic cardiomy¬ 
opathy and the appropriate physiologic hypertrophy seen in 
well-trained athletes is also possible using TDI; early annu¬ 
lar diastolic velocities are always normal to increased in ath¬ 
letes and consistently decreased in those with hypertrophic car¬ 
diomyopathy. In one series, an e/a ratio <1 was commonly 
encountered in the mutation-positive hypertrophic population 
and never seen in the athletes [44]. 

Dilated cardiomyopathy 

Dilated cardiomyopathy, in which the predominant abnormal¬ 
ity is decreased systolic LV function with left heart chamber 
dilation, has also been associated with diastolic dysfunction. 
Although indices of systolic function appear to be most pre¬ 
dictive of outcome, abnormalities in inflow Doppler patterns 
consistent with more severe diastolic disease also correlate with 
symptoms in adults with dilated cardiomyopathy. Patients with 
the most severe symptoms had changes on inflow Doppler 


Figure 8.19 Apical 4-chamber image and 
pulsed tissue Doppler imaging (TDI) 
recordings from the left ventricular posterior 
wall (LVPW), ventricular septum and right 
ventricular (RV) free wall in a child with 
hypertrophic cardiomyopathy. Although on 
2D imaging the septum appears most affected, 
diastolic dysfunction is identified by TDI in all 
three areas interrogated with prolonged 
isovolumic relaxation (IR) and decreased early 
diastolic annular (e r ) velocities compared with 
normals. The dyssynchronous diastolic 
relaxation properties of different segments of 
the myocardium in this disease are also 
evident by the variable IR (90 ms in the RV 
compared with 246 ms in the LVPW) and 
variable e' velocities found at each site, a', 
diastolic annular velocity with atrial 
contraction. 
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consistent with poorer ventricular compliance (shorter isovolu- 
mic relaxation time, higher peak E velocity, increased E/A ratio, 
shorter deceleration time) compared with those who were less 
symptomatic. In addition, those with ejection fractions less than 
25% and deceleration times less than 130 ms had the worst 2- 
year survival [45]. This is in contrast to mitral inflow patterns 
in children with dilated cardiomyopathy, which do not appear 
to discriminate the incidence of symptoms or poorer outcome. 
Tissue Doppler imaging studies have identified a decrease in 
mitral, septal, and tricuspid annular velocities compared with 
findings in normal children. Surprisingly, the mitral and septal 
TDI patterns were not predictive of adverse outcome (hospital¬ 
ization, transplantation or death) in children with dilated car¬ 
diomyopathy, but the tricuspid e' velocities had excellent speci¬ 
ficity for identifying patients at risk [46]. The combination of a 
left ventricular ejection fraction of less than 30% and a tricuspid 
e' velocity of less than 8.5 cm/s had 100% specificity and 44% 
sensitivity in identifying those at increased risk. 

Diastolic function assessment may also have a role in identi¬ 
fying myocardial dysfunction and predicting the development 
of dilated cardiomyopathy in children with Duchenne muscu¬ 
lar dystrophy (DMD) [47,48]. In one study, all indices of dias¬ 
tolic function measured were significantly abnormal for boys 
with DMD when compared with a normal control group in 
the absence of systolic dysfunction. Abnormalities were present 
for both ventricular relaxation (mitral E/A ratio, mitral annular 
e'/a' ratio, isovolumic relaxation time, velocity of flow propa¬ 
gation) and ventricular compliance (mitral E deceleration time, 
prolonged pulmonary venous reversal wave at atrial contrac¬ 
tion, mitral E/annular e ratio, and mitral E/velocity of flow 
propagation ratio) indices. In addition, boys who subsequently 
went on to develop dilated cardiomyopathy had significantly 
worse diastolic indices at baseline compared with those who did 
not [48]. 

Restrictive cardiomyopathy 

A restrictive cardiomyopathy is characterized predominantly 
by an abnormality in ventricular diastolic compliance with 
very stiff ventricular muscle and a rapid increase in ven¬ 
tricular pressures during diastolic filling. Isolated restrictive 
cardiomyopathy is rare and frequently fatal; it can be idiopathic, 
associated with congenital endocardial fibroelastotic changes 
in the ventricle or infiltrative processes like amyloidosis. 
Restrictive cardiomyopathy must be considered when 2D 
imaging identifies marked atrial enlargement with normal 
ventricular size and ventricular systolic function in the absence 
of significant AV valve insufficiency (Figure 8.20). The mitral 
inflow trace is characteristic, with an increased E-wave velocity 
with rapid E-wave deceleration and a small or absent A wave, 
consistent with the abnormal compliance pattern described 
previously (Figure 8.16) [49]. Because of the rapid increase in 
ventricular pressure during early diastolic filling, ventricular 
pressures can exceed atrial pressure, and mid-diastolic mitral 
insufficiency can be seen by both pulsed-wave and color 



Figure 8.20 Apical 4-chamber image in a child with restrictive 
cardiomyopathy. The left atrium (LA) is markedly dilated relative to the 
size of the left ventricle (LV). 


Doppler. Mid-diastolic insufficiency is generally only seen 
with severe restrictive cardiomyopathy. Because of poor atrial 
emptying in this condition, systolic pulmonary venous forward 
flow is blunted; the majority of pulmonary vein flow is seen in 
early diastole with rapid deceleration of flow in mid-diastole 
associated with the rapid increase in ventricular diastolic 
pressures (Figure 8.17). Dramatic reversal of flow with atrial 
contraction is usually seen, although some of these patients 
develop atrial systolic dysfunction secondary to the marked 
dilation with a trivial or absent reversal wave in late diastole. 

Left ventricular noncompaction is a heterogeneous form of 
cardiomyopathy characterized by prominent endocardial tra- 
beculations. This disease process can have variable systolic func¬ 
tion, but it appears to be consistently associated with diastolic 
dysfunction. In milder forms, and as an additional diagnos¬ 
tic tool, abnormal relaxation is found using annular TDI with 
decreased e' velocities and abnormal diastolic strain patterns 
[50,51]. More severe forms can manifest findings consistent with 
restrictive disease and end-stage heart failure. 

Pediatric patients with acquired heart 
disease/systemic disease states 

Left ventricular hypertrophy 

Many studies have documented a common pattern of mitral 
inflow associated with left ventricular hypertrophy that appears 
specific to the hypertrophy rather than the disease process that 
caused it. Diastolic filling abnormalities were found in 36% 
of the children with essential hypertension, and approximately 
one-third of those patients had patterns consistent with altered 



Chapter 8 Diastolic Ventricular Function Assessment 147 



Figure 8.21 Mitral annular pulsed tissue 
Doppler imaging (TDI) recordings from an 
adolescent with pathologic left ventricular 
hypertrophy (top panel) and an athletic 
adolescent with increased left ventricular mass 
reflecting an “athletic” heart. The pathologic 
hypertrophy patient has decreased early 
diastolic annular velocities (a') and reversed 
e'/a' ratio, whereas the athletic heart has 
“supranormal” early diastolic annular velocities 
with an e velocity of 27 cm/s, consistent with 
the rapid and exaggerated ventricular 
relaxation seen in athletes. 

relaxation, and one-third had patterns consistent with altered 
compliance. Elevated ventricular mass was found to be the most 
significant independent predictor of pathologic diastolic func¬ 
tion [52]. Mitral annular TDI assessment has been shown to be 
useful in both children and adults with pathologic hypertrophy 
and is helpful in differentiating pathologic hypertrophy from the 
physiologic hypertrophy commonly seen in competitive high- 
school and college athletes (Figure 8.21) The “athletic” heart has 
normal e' velocities, isovolumic relaxation and mitral E/e' ratios, 
and these findings can be an important adjunct in assessing the 
hypertrophied heart [44]. 

Chronic renal disease 

Children and adolescents with chronic renal failure appear to 
have abnormal diastolic function, much like their adult counter¬ 
parts. By observing mitral inflow and mitral annular velocities, 
children with mild to moderate chronic renal failure were found 
to have decreased early annular velocities and higher early mitral 
inflow velocity to mitral annular early diastolic velocity ratios 
with increased LA dimensions compared with normal children, 
all suggestive of abnormal LV relaxation and compliance [53]. 
Importantly, the children on dialysis had worse diastolic disease 
that appeared to correlate with the degree of LV hypertrophy, 
despite normal LV systolic function [54]. 

Obesity 

Obese children have been found to have increased LV mass, and 
this puts them at risk for diastolic dysfunction. Several studies 
have identified abnormal LV diastolic function in obese children 
and adults using imaging and inflow Doppler parameters. This 
abnormality is characterized by increased LA dimensions, pro¬ 
longed isovolumic relaxation time, and prolonged early diastolic 
deceleration time in association with increased LV dimension 


and mass that correlates with body mass index [55]. A study 
that compared obese children with normal controls using TDI 
[56] found that the obese subjects exhibited evidence of abnor¬ 
mal LV diastolic function, with a decrease in the peak early dias¬ 
tolic mitral annular velocity measured at the ventricular septum 
and a significant increase in the peak diastolic annular velocity 
with atrial contraction at the ventricular septum, LV lateral wall, 
and LV posterior wall. The obese group also had significantly 
lower early to late diastolic annular velocity ratios at the ven¬ 
tricular septum, of a degree that was inversely related to body 
mass index, implying that pathologic diastolic changes correlate 
and progress with the degree of obesity. Strain rate imaging has 
also been used to discriminate diastolic function in obese chil¬ 
dren. Those meeting criteria for obesity had a shift to increased 
late diastolic myocardial motion and decreased systolic strain 
compared with normal-weight children [57]. These abnormal¬ 
ities are likely subtle markers for early cardiac disease. 

Type 1 diabetes mellitus 

Studies using inflow Doppler techniques have identified left 
ventricular diastolic dysfunction in the absence of systolic 
changes in children and young adults with type 1 diabetes 
[58-60]. These abnormalities were consistent with abnormal 
relaxation and decreased early diastolic LV filling with a com¬ 
pensatory increase in filling with atrial contraction. Duration 
and severity of disease appeared to be associated with these 
filling changes. More recently, the diastolic properties of the LV 
were analyzed using pulsed TDI in a large cohort of children 
and adolescents with stable type 1 diabetes and compared 
with age- and gender-matched controls [60]. Both boys and 
girls had significantly prolonged isovolumic relaxation times, 
consistent with delayed myocardial relaxation. The girls also 
had additional abnormalities as measured by pulsed TDI 
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indices of diastolic function despite the absence of correlations 
in these findings with duration of diabetes or hemoglobin 
HbA lc levels. These early changes emphasize the risk for cardiac 
complications associated with this disease state. The gender 
predilection warrants additional investigation. 

Obstructive sleep apnea 

Obstructive sleep apnea has generally been associated with RV 
dysfunction secondary to altered pulmonary vascular resistance. 
Echocardiographic characterization of LV diastolic function in 
children with obstructive sleep apnea identified significant dias¬ 
tolic dysfunction in the absence of clinically apparent heart 
disease [61]. Importantly, there was a significant correlation 
between the severity of the obstructive sleep apnea and the 
degree of LV diastolic disease, which was independent of obesity, 
blood pressure, or LV mass. This study also demonstrated that 
the pathologic LV diastolic changes improved when the obstruc¬ 
tive sleep apnea was treated effectively. Although no assessment 
of RV function or pulmonary hypertension was provided in this 
study, it was postulated that LV diastolic dysfunction in this dis¬ 
ease may negatively impact pulmonary vascular resistance and 
contribute to the development of cor pulmonale. 

Anthracycline cardiotoxicity 

Anthracyclines are commonly used in the treatment of child¬ 
hood malignancies, and there is a clear association between 
cumulative anthracycline dose and the development of LV sys¬ 
tolic dysfunction. Diastolic dysfunction has also been identi¬ 
fied [62-66], and a relationship between anthracycline dose and 
a decrease in mitral early diastolic inflow velocity with a pro¬ 
longation in isovolumic relaxation time has been seen [64]. 
This suggests that high doses of anthracycline may be a risk 
factor for the development of impaired left ventricular relax¬ 
ation. There did not appear to be a correlation between dias¬ 
tolic abnormalities and subsequent development of systolic dys¬ 
function, although the observation that cumulative doses under 
250 mg/m 2 did not appear to be associated with diastolic deteri¬ 
oration again supports the concept of dose monitoring of these 
chemotherapeutic agents. Importantly, however, children with 
low cumulative doses of anthracycline (<250 mg/m 2 ) demon¬ 
strated adverse changes in diastolic longitudinal function char¬ 
acterized by decreased early annular tissue Doppler velocities 
with a compensatory increase in late diastolic velocities (and 
decreased e'/a' ratio) in both the RV and LV that persisted at 
later follow-up in the absence of systolic dysfunction [66]. 

Pediatric patients with congenital heart 
disease 

Tetralogy of Fallot 

Echocardiography frequently identifies abnormal RV diastolic 
function as a sequela of primary tetralogy of Lallot repair. This 
has been coined RV “restrictive physiology” [67-75]. Restrictive 



Figure 8.22 Main pulmonary artery (MPA) pulsed Doppler tracing in a 
child with tetralogy of Fallot after repair. Antegrade diastolic flow is seen in 
the MPA with atrial contraction (arrows), consistent with restrictive right 
ventricular physiology. 

physiology is characterized echocardiographically by the pul¬ 
monary artery Doppler pattern of antegrade diastolic main pul¬ 
monary artery flow with atrial contraction, which occurs only 
if the right ventricle has become a stiff noncompliant conduit 
between the right atrium and pulmonary artery with transmis¬ 
sion of the atrial contraction filling wave into the pulmonary 
arteries (Ligure 8.22) [67,68]. The identification of restrictive 
physiology by main pulmonary artery Doppler has become a 
useful index for identifying abnormal right ventricular dias¬ 
tolic compliance. This finding is recognized as a predictor of 
poorer initial recovery from surgical repair [67,69-71,75]. RV 
diastolic dysfunction is demonstrable by Doppler echocardiog¬ 
raphy early after surgery and tends to be worse with transan- 
nular patch placement [69,74,75]. Restrictive physiology pre¬ 
dicts longer duration of inotropic support, prolonged ventila¬ 
tor support, prolonged intensive care unit (ICU) and hospital 
stay, and higher doses of diuretics during postoperative recov¬ 
ery. The presence of early restrictive physiology appears to pre¬ 
dict restriction at later follow-up: one study demonstrated that 
56% of patients with early restriction also had restriction at 
follow-up, whereas only 6% of patients without early restric¬ 
tive RV physiology developed restriction later. In fact, early 
restriction was the only independent variable predictive of late 
restriction [73]. 

The importance of the currently accepted strategy of com¬ 
plete repair at a younger age, generally during infancy, likely 
also influences the development of restriction, because later age 
at surgery has been found to correlate with subsequent devel¬ 
opment of restriction [72]. Ten percent of the patients repaired 
before 6 months of age had evidence of restrictive physiology 
at follow-up, increasing to 38% with repair after 9 months. 
Restrictive RV physiology was found to be inversely related to 
age at repair and independent of type of outflow tract repair. 
Surprisingly, restrictive physiology appears to be favorable late 
after repair because it is associated with less pulmonary regur¬ 
gitation, better exercise tolerance, decreased RV size, less QRS 
prolongation and fewer symptomatic ventricular arrhythmias 
[68,74]. The “benefit” of restrictive physiology late into adult¬ 
hood after repair is controversial, however, given its association 
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with pathologically abnormal RV compliance, and the impact of 
this finding on clinical decision-making (particularly timing of 
pulmonary valve replacement) remains unclear. 

Several studies have used newer echocardiographic tech¬ 
niques to assess RV diastolic function late after surgical repair 
of tetralogy of Fallot, specifically focusing on Doppler tissue 
imaging. There appears to be a significant decrease in tricus¬ 
pid annular and regional RV velocities in both early diastole 
and with atrial contraction in children following tetralogy of 
Fallot repair at intermediate follow-up [76-78]. These find¬ 
ings suggest delayed RV relaxation and restrictive RV filling, 
and they have been correlated with pathologic electrocardio¬ 
graphic changes, suggesting that TDI patterns may also be pre¬ 
dictive of higher-risk outcomes late after surgery. These dias¬ 
tolic abnormalities are also associated with prolongation in iso- 
volumic relaxation and isovolumic contraction times as well as 
depressed systolic annular velocities, implying that both systolic 
and diastolic function are affected. Systolic and diastolic abnor¬ 
malities of wall motion of the RV, characterized by reversal of 
velocity direction in the mid and apical segments (from the nor¬ 
mally apically directed systolic velocity and basally directed early 
and late diastolic velocities), were detected in 65% of adoles¬ 
cents and young adults following repair of tetralogy of Fallot 
[78]. There was no correlation between the incidence of wall- 
motion abnormalities and age at time of examination, degree 
of pulmonary insufficiency, or type of surgical technique. The 
patients with reversed systolic and/or diastolic myocardial veloc¬ 
ities in the RV free wall had more abnormal electrocardiogram 
(ECG) changes, with a longer QRS duration and greater QT 
and JT dispersion, than those with normal wall motion, suggest¬ 
ing pathologic mechanoelectrical interactions that may impact 
outcome. 

Using strain and strain rate imaging, evaluation of patients 
after more than a year following surgical repair of tetralogy of 
Fallot found reduced systolic strain rate and strain as well as 
poorer early diastolic strain rate that correlated with depressed 
RV ejection fraction [79]. Abnormalities in strain and strain rate 
indices were not appreciated in the intraventricular septum, sug¬ 
gesting that septal myocardial function may be preserved during 
childhood as a compensatory mechanism for the RV free wall 
dysfunction in those patients. Given the risk of late RV failure 
after tetralogy of Fallot repair, particularly in the presence of sig¬ 
nificant pulmonary insufficiency, these tools provide additional 
and important information about the health of the RV and the 
timing/need for pulmonary valve replacement. 

Single ventricle physiology 

Ventricular diastolic function in the patient with a func¬ 
tional single ventricular chamber is frequently abnormal when 
assessed by Doppler echocardiography. Atrioventricular and 
pulmonary venous Doppler patterns tend to be much more vari¬ 
able in this patient population because the source of pulmonary 
blood flow, and thus the loading conditions, vary depending 
on the lesion and form of palliation [80]. Some patients have 


pulsatile antegrade systolic pulmonary flow from the single 
ventricle, some have continuous pulsatile flow from an aor¬ 
topulmonary shunt, and others have passive low-velocity flow 
from direct systemic venous-to-pulmonary artery anastomoses. 
These patients are frequently palliated by separation of the sys¬ 
temic and pulmonary circulation using the Fontan operation. 
Studies have documented inflow Doppler patterns in patients 
following the Fontan procedure that again are consistent with 
impaired ventricular relaxation, decreased peak E velocities, 
mid-diastolic filling waves, decreased E/A velocity and area 
ratios, and decreased normalized peak filling rates compared 
with normal children [81-86]. This impairment in ventricular 
relaxation has also been observed in invasive studies using the 
time constant, tau, and normalized peak filling rate [87]. How¬ 
ever, by contrast, the invasive studies found that there was lit¬ 
tle difference in diastolic passive chamber stiffness between the 
Fontan group and the control group, and that the Fontan group 
had normal net chamber filling at rest. Echo studies agree that 
these abnormalities appear to be mild at early and intermedi¬ 
ate follow-up, with one study documenting that the AV valve 
inflow E/A ratio remains greater than 1 and isovolumic relax¬ 
ation time is within the normal range. Pulmonary venous inflow 
patterns are also different compared with normals, with pre¬ 
dominant systolic pulmonary venous emptying, again consis¬ 
tent with delayed relaxation and resultant decreased diastolic 
emptying of the pulmonary veins. Prolonged reversal of pul¬ 
monary vein flow with atrial contraction has not been iden¬ 
tified [82]. This suggests that although delayed relaxation is a 
constant feature of Fontan physiology at rest, its effect on over¬ 
all diastolic filling is minimal. Length of time after Fontan pal¬ 
liation also had a negative impact on early diastolic velocities, 
however, suggesting that diastolic function progressively deteri¬ 
orates as the patient ages [88]. Again, these techniques may pro¬ 
vide early insight into ventricular dysfunction and the oppor¬ 
tunity for medical intervention to preserve ventricular func¬ 
tion before more global heart failure and systolic dysfunction 
develop. 

Strategy for the echocardiographic 
assessment of diastolic function in children 

The earlier discussion suggests that a new paradigm is needed 
to better assess diastolic function in pediatric patients echocar- 
diographically (Figure 8.23). This approach must include the 
routine screening of mitral, tricuspid, pulmonary and systemic 
vein inflow in all children. In addition, all children should have 
TDI assessment of tricuspid annular motion as well, because tri¬ 
cuspid inflow Doppler patterns can vary so dramatically with 
respiration. LA volumes and mitral TDI assessment should be 
obtained in all children who have abnormal mitral/pulmonary 
venous inflow patterns and/or have known heart disease. 
Similarly, right atrial volumes and main pulmonary artery 
Doppler assessment should be obtained in all children who have 
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Figure 8.23 Proposed schematic flowchart for 
the assessment of diastolic function in 
pediatric patients using echocardiography. 
TDI, tissue Doppler imaging; E, early diastolic 
filling velocity; e r , early annular velocity; I VC, 
inferior vena cava; LA, left atrium; LV, left 
ventricle; PA, pulmonary artery; RA, right 
atrium; RV, right ventricle; SVC, superior vena 
cava. 


abnormal tricuspid inflow/TDI patterns and/or have known 
heart disease. Serial evaluations, additional echocardiographic 
techniques and/or invasive testing should be done in those iden¬ 
tified with diastolic disease. 


Conclusions 

Diastolic function can be assessed by Doppler echocardiography 

in pediatric patients and should be part of the routine echocar¬ 
diographic exam. 

• Mitral and pulmonary venous inflow Doppler patterns can 
identify abnormal LV relaxation and compliance as well as an 
elevation in LA pressure. 

• Age-related differences in inflow Doppler patterns are impor¬ 
tant to recognize in the pediatric patient, because a shift in 
ventricular filling from late to early diastole is expected dur¬ 
ing infancy in normal children. 

• Tissue Doppler imaging analysis of mitral and tricuspid dias¬ 
tolic annular motion can significantly augment the identifica¬ 
tion of diastolic disease in children. 

• Ventricular hypertrophy from any cause, cardiomyopathies, 
children with tetralogy of Fallot after repair, and children with 
single ventricle physiology are at significant risk for diastolic 
disease and should be assessed carefully. 

• Newer techniques, including color M-mode Doppler, myocar¬ 
dial deformation imaging and assessment of atrial volumes, 
may add to the echocardiographic assessment of diastolic dis¬ 
ease and should also be applied in children. 
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Definition 

Pulmonary venous anomalies include many anatomic varia¬ 
tions, with a wide range of clinical presentations and outcomes. 
The anomalies may be grouped into four categories: 

1 abnormal numbers of pulmonary veins 

2 normal pulmonary venous connections with anomalous 
drainage 

3 stenotic connections 

4 anomalous connections. 

The presentation ranges from normal, in those with variations 
on the normal number of pulmonary veins, to life-threatening 
disease in the neonate with obstructed total anomalous pul¬ 
monary venous connection. Fortunately, the vast majority of 
pulmonary venous anomalies may now be readily and rapidly 
diagnosed by echocardiography. 

Incidence 

The incidence of pulmonary venous anomalies varies widely 
according to the anomaly observed. Abnormal number of pul¬ 
monary veins is commonly encountered; a single right or single 
left pulmonary vein is present in nearly 25% of the population 
in anatomic studies [1], and a third pulmonary vein is present 
on either side in 1.6-2% [1]. Cor triatriatum, an example of 
stenotic pulmonary venous connection due to incomplete incor¬ 
poration of the common pulmonary vein into the left atrium, 
occurs in 3 in 100,000 of the population [2]. Partial anomalous 
pulmonary venous connection (PAPVC) has been described in 
autopsy series in 400 to 700 in 100,000 specimens [1], with iso¬ 
lated PAPVC in 160 of 100,000. Total anomalous pulmonary 
venous connection (TAPVC) has been described in 9 in 100,000 
of the population [3,4]. 

Etiology 

Most cases of pulmonary venous anomalies are sporadic. How¬ 
ever, there are known syndromic associations for PAPVC, most 


notably Turner and Noonan syndromes [5,6]. TAPVC simi¬ 
larly has syndromic associations including cat-eye, Holt-Oram, 
and the asplenia syndromes. Numerous case reports of non- 
syndromic familial cases suggest a heritable genetic cause, with 
heterogeneous genetic loci reported; one gene for familial total 
anomalous pulmonary venous return in a large Utah kindred 
was mapped to chromosome 4pl3-ql2 [7]. 

Morphology and classification 
Developmental considerations 

The classification of pulmonary venous anomalies is based on 
an understanding of the embryological development of the pul¬ 
monary veins, and the relationships between the pulmonary 
veins, systemic veins, and the atria. The lungs and tracheo¬ 
bronchial tree are derived from the foregut, and the pulmonary 
vascular bed is formed by a portion of the splanchnic plexus. 
Thus, early in gestation, the primitive lung drains via the 
splanchnic venous plexus into the systemic circulation via the 
umbilicovitelline and cardinal venous systems. At 32-33 days 
of gestation, the pulmonary veins subsequently establish a com¬ 
munication with the common pulmonary vein, which becomes 
incorporated into the posterior aspect of the developing left 
atrium. 

The precise origin and site of development of the common 
pulmonary vein has been controversial, with some believing this 
derives from an evagination in the sinoatrial region of the heart 
that grows out toward the lungs [8], others that the common vein 
arises from the pulmonary venous plexus confluence and grows 
toward the heart [1]. More recent work that includes analysis 
of embryologic cell expression markers suggests that the com¬ 
mon pulmonary vein derives from the midpharyngeal endothe¬ 
lial strand, a structure in the dorsal mesocardium that from early 
stages connects the endocardium of the primitive heart tube to 
the splanchnic venous plexus. This structure subsequently lum- 
enizes to form the common pulmonary vein, but appears to be 
connected to the endothelium of the heart from the beginning 
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[9-11]. The common pulmonary vein becomes incorporated 
into the posterior aspect of the left atrium, between the left and 
right horns of the sinus venosus, superior to the coronary sinus, 
and leftward of septum primum; ultimately two right and two 
left pulmonary veins connect directly to the left atrium. Once 
the communication of the common pulmonary vein with the 
left atrium has become established, the primitive connections of 
the pulmonary venous system to the systemic venous system are 
no longer necessary, and typically regress [12]. Nearly all of the 
pulmonary venous anomalies considered in this chapter may be 
seen as a result of abnormal development of the common pul¬ 
monary vein and varying patterns of persistence of embryologic 
pulmonary-to-systemic venous connections. 

Anatomy 

Abnormal number of pulmonary veins 

An abnormal number of pulmonary veins results from irregu¬ 
lar incorporation of the common pulmonary vein into the left 
atrium. With normal incorporation of the common pulmonary 
vein, two right and two left pulmonary veins connect directly 
and separately to the left atrium. When incomplete incorpora¬ 
tion of either the right or left side occurs, a single pulmonary 
vein may drain that lung; a single left pulmonary vein is more 
frequently observed than a single right [1]. More rarely, a com¬ 
mon pulmonary vein accepts veins from both sides and then 
drains into the left atrium, seen most often in those with asplenia 
forms of heterotaxy [1]. When more than typical incorporation 
occurs, a third pulmonary vein on either the right or left side is 
observed [1]. 

Normal pulmonary venous connections 
with anomalous drainage 

This results when the common pulmonary vein incorporates 
normally into the left atrium, resulting in normally positioned 
pulmonary venous connections, but due to interatrial anatomy 
the pulmonary venous inflow is directed into the morpho¬ 
logic right atrium. Most commonly this is due to anatomi¬ 
cally leftward malposition or malattachment of septum pri¬ 
mum , which can result in partial or total anomalous pulmonary 
venous drainage, depending upon the degree of malposition and 


number of veins affected (Figure 9.1). This is commonly encoun¬ 
tered in those with polysplenia syndrome due to absence of sep¬ 
tum secundum and resulting anatomic leftward malposition of 
septum primum [13]. Another frequently encountered exam¬ 
ple is common atrium as also observed in the heterotaxy syn¬ 
dromes, where virtual absence of the atrial septum results in ipsi- 
lateral drainage of the pulmonary veins into respective sides of 
the common atrium. 

Sinus venosus defect (SVD) 

Sinus venosus defect is a type of anomalous pulmonary 
venous drainage with normal connections that occurs due to 
“unroofing” or absence of the sinus venosus tissue between the 
right pulmonary veins and the superior vena cava or right atrium 
[14,15]. This topic is covered in detail in Chapter 11, “Anoma¬ 
lies of the Atrial Septum.” It is important to note that despite the 
absence of sinus venosus septum, the pulmonary veins remain 
normally connected to the left atrium. 

Stenotic connections 

Stenotic connections maybe seen in individual pulmonary veins 
with normal connections to the heart, in anomalously connect¬ 
ing veins, or as stenosis of the common pulmonary vein, which 
manifests as cor triatriatum sinister. Stenosis of the individual 
pulmonary veins is a rare disorder that may result from abnor¬ 
mal incorporation of the common pulmonary vein into the left 
atrium [16]; trauma or manipulation provoking inflammation 
maybe antecedent events. Pulmonary vein stenosis can be found 
in otherwise structurally normal hearts, or in association with 
congenital heart defects, commonly atrial or ventricular septal 
defects [17], or less often with complex heart disease such as the 
heterotaxy syndromes [18]. The stenosis can be extraparenchy- 
mal, with obstruction at the pulmonary vein/left atrial junction, 
intraparenchymal with diffuse involvement of the smaller pul¬ 
monary veins in the lung, or both. Recent investigations have 
implicated intimal proliferation of abnormal myofibroblasts in 
the pathology of this disease [19,20]. Finally, stenosis of anoma¬ 
lously connecting pulmonary veins is commonly encountered, 
particularly in those with total anomalous pulmonary venous 
connection below the diaphragm. 




Figure 9.1 Malposition of septum primum. 

(a) Mild leftward malposition with normal 
pulmonary venous connections results in 
anomalous drainage of the right upper and lower 
pulmonary veins to the right atrium, (b) With 
more severe malposition of septum primum, 
drainage of all four pulmonary veins is directed 
anomalously into the right atrium. Note the 
absence of a well-developed septum secundum; 
this is common in patients with the polysplenia 
forms of heterotaxy syndrome. LA, left atrium; 
LPV, left pulmonary veins; RA, right atrium; 
RPV, right pulmonary veins. 
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(e) (f) (g) (h) 


Figure 9.2 Cor triatriatum variants, (a) Classic cor triatriatum. Right and left pulmonary veins (RPV, LPV) drain to the pulmonary venous confluence 
(PVC), with discrete membrane between the PVC and true left atrium (LA); the only egress for blood is through the opening in the membrane, (b) Cor 
triatriatum with defect between the PVC and the right atrium (RA), which allows for decompression of pulmonary venous blood, (c) Cor triatriatum with 
decompressing vertical vein (VV) to the left innominate vein (LIV), which allows for decompression of the PVC. (d) Pulmonary venous return 
decompresses via a communication between the PVC and right atrium, and then crosses to the true left atrium via a patent foramen ovale. 

(e) Decompressing vertical vein that descends below the diaphragm to connect to the systemic venous circulation via the hepatic or portal veins. 

(f) “Partial” or subtotal cor triatriatum with normally draining left pulmonary veins; the right pulmonary veins communicate with the true left atrium via a 
stenotic orifice, (g) Subtotal cor triatriatum of the right pulmonary veins along with partial anomalous venous return of the left pulmonary veins via the 
left innominate vein, (h) Subtotal cor triatriatum of the right pulmonary veins to the right atrium (RA) with normal drainage of the left pulmonary veins to 
the left atrium. IVC, inferior vena cava; LV, left ventricle; RV, right ventricle; SVC, superior vena cava. 


Cor triatriatum sinister 

This results from incomplete incorporation of the common pul¬ 
monary vein into the posterior aspect of the left atrium. Cor tri¬ 
atriatum has many variations, the classic form consisting of a 
membranous partition that divides the left atrium into a cham¬ 
ber that receives the pulmonary veins posteriorly, and a cham¬ 
ber that communicates with the mitral valve anteriorly and infe- 
riorly (Figure 9.2a). A communicating orifice of varying size 
is typically present, the atrial septum is usually intact, and the 
left atrial appendage is on the distal side of the cor triatriatum 
membrane as a feature of the anatomic left atrium [21]. Varia¬ 
tions include the presence of an atrial septal defect, which com¬ 
municates between the right atrium and either the pulmonary 
venous chamber or the distal true left atrial chamber; decom¬ 
pressing anomalous venous connections; “subtotal” cor triatria¬ 
tum, which can involve the veins from only one side of the lung; 
and atresia of the dividing membrane, termed “complete” cor tri¬ 
atriatum (Figure 9.2). 

Atresia of the common pulmonary vein 

This is a rare disorder, with functionally no communication 
present between the pulmonary venous confluence and the heart 


or the systemic veins; a blind-ending pouch is present at the con¬ 
fluence of the pulmonary veins with no outlet to flow [22]. 

Partial anomalous pulmonary venous connection 
(PAP VC) 

This occurs with one or more (but not all) pulmonary venous 
connections to the systemic venous circulation, with a wide 
anatomic spectrum of variations possible (Figure 9.3). As men¬ 
tioned previously PAP VC must be considered distinct from 
cases of partial anomalous pulmonary venous drainage. Left¬ 
sided pulmonary veins typically form anomalous connections 
to left cardinal vein derivatives (such as the left innominate vein 
and coronary sinus), and right-sided veins typically connect to 
derivatives of the right cardinal system (superior and inferior 
vena cavae), although crossed drainage across the midline is 
possible as the splanchnic venous plexus is a midline struc¬ 
ture. With reclassification of many cases previously considered 
PAP VC to the superior vena cava and right atrium as sinus veno- 
sus defects or malposition of septum primum, the most common 
form of PAPVC is the left pulmonary veins to the left innomi¬ 
nate vein, followed by right pulmonary venous connections to 
the inferior vena cava. 
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With left-sided pulmonary venous connection to the left 
innominate vein, one or more left pulmonary veins connect to 
the innominate vein by a persistent embryologic vein, named a 
vertical vein due to its orientation (Figure 9.3a); an atrial sep¬ 
tal defect is commonly present. Other less common sites of left¬ 
sided connection include to a persistent left superior vena cava, 
to a coronary sinus (Figure 9.3b), or to right-sided venous struc¬ 
tures such as the superior vena cava, the azygous vein, and the 
inferior vena cava [23]. 

Anomalous right pulmonary venous connection of all or some 
of the right pulmonary veins to the inferior vena cava is fre¬ 
quently encountered as part of a malformation termed scimitar 
syndrome (Figure 9.3c). This term was coined to describe the 
crescent-shaped (Turkish scimitar “sword-like”) shadow seen 
on roentgenogram in the right lower lung field, projected by 
the right pulmonary vein as it courses to join the inferior vena 
cava at or just below the diaphragm [24]. This syndrome is fre¬ 
quently associated with other anomalies of right lung devel¬ 
opment, including hypoplasia of the right lung and right pul¬ 
monary artery, secondary dextrocardia, bronchial abnormali¬ 
ties, anomalous arterial connection to the right lung from the 
aorta, and pulmonary sequestration [24,25]. 

Total anomalous pulmonary venous connection 
(TAP VC) 

This occurs with all pulmonary venous connections to the sys¬ 
temic venous circulation. Embryologically, TAP VC results from 
failure to establish a normal connection between the pulmonary 
venous plexus and the common pulmonary vein before the con¬ 
nections with the splanchnic venous system have regressed. The 
most commonly used anatomic classification [26] of TAPVC is 
based on the site of connection(s) between the pulmonary and 
systemic veins: 

Type I - with anomalous connections at the supracardiac level. 
Type II - the cardiac type, with anomalous connections to the 
coronary sinus. 

Type III - the infradiaphragmatic type, with anomalous con¬ 
nections below the diaphragm. 

Type IV - with mixed types of connections. 

With all types, an interatrial communication to allow blood to 
enter the systemic circulation is necessary to sustain life, so that 
a patent foramen ovale or atrial septal defect is considered part 
of the malformation. 


Figure 9.3 Partial anomalous pulmonary venous 
connection: variants, (a) Anomalous connection of 
the two left pulmonary veins (LPV) to the left 
innominate vein to the superior vena cava (SVC); the 
right pulmonary veins (RPV) connect normally to 
the left atrium, (b) Anomalous connection of the left 
pulmonary veins to the coronary sinus (CS). (c) 
Anomalous connection of the right pulmonary veins 
to the inferior vena cava (IVC) to right atrium (RA) 
junction; in association with right lung hypoplasia 
this is termed “scimitar syndrome.” See text for more 
details. 

Supracardiac TAPVC (Figure 9.4a) is the most common type 
(47% in the largest published series [27]), and among this group 
the most common site of connection is to the leftward aspect of 
the innominate vein (36% of all cases of TAPVC [27]). A pul¬ 
monary venous confluence is typically present posterior to the 
left atrium that drains via a left-sided ascending vertical vein to 
the innominate vein. This vertical vein usually passes anterior 
to the left pulmonary artery and mainstem bronchus, although 
occasionally this will pass between these structures which usu¬ 
ally results in clinically significant obstruction to pulmonary 
venous flow. Supracardiac TAPVC with right-sided connections 
to the right superior vena cava or azygous vein occur, but are 
less common; a similar but right-sided vertical vein is observed, 
which typically courses anterior to the hilum of the right lung. 

Cardiac TAPVC (Figure 9.4b) occurs in 16% of cases [27,28], 
and involves anomalous connection between the pulmonary 
venous confluence and the coronary sinus, with a venous ves¬ 
sel connecting typically in the region of the left atrioventricu¬ 
lar groove. The coronary veins drain normally into the proximal 
end of the coronary sinus, and the typically severely dilated coro¬ 
nary sinus drains normally into the right atrium; the coronary 
sinus septum is usually intact. 

Infradiaphragmatic TAPVC (Figure 9.4c) occurs in 13-23% 
[27,28] with anomalous connection typically to the umbili- 
covitelline system below the diaphragm. A descending verti¬ 
cal vein typically originates from the confluence of pulmonary 
veins to course below the diaphragm (just anterior to the esoph¬ 
agus in the esophageal hiatus) to form connections with the por¬ 
tal venous system (most common), the ductus venosus, hepatic 
vein, or inferior vena cava. Obstruction is frequently present 
with infradiaphragmatic forms of TAPVC for a number of rea¬ 
sons, most commonly due to intrinsic narrowing of the connect¬ 
ing vessel, the interposition of the hepatic sinusoids between the 
pulmonary venous drainage and the heart for those that drain 
via the portal vein, and constriction of the ductus venosus. 

Mixed TAPVC (Figure 9.4d) is the least common type 
(7-10% [27,28]) with often complex variations of the above 
forms of venous connections represented. 

Pathophysiology 

The pathophysiology of the various forms of pulmonary venous 
anomalies depends entirely upon the nature of the anomaly, the 
degree of mixing of systemic and pulmonary venous blood, and 
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Figure 9.4 Variants of total anomalous 
pulmonary venous connection, (a) Supracardiac: 
both right (RPV) and left (LPV) pulmonary veins 
join a common pulmonary venous confluence 
behind the heart, which drains via a vertical vein 
to the undersurface of the left innominate vein, 
and thence to the right atrium, (b) Cardiac: the 
pulmonary venous confluence connects to the 
coronary sinus (CS), and thence to the right 
atrium via the coronary sinus ostium, (c) 
Infradiaphragmatic: the pulmonary venous 
confluence drains interiorly via a vertical vein to 
the portal vein (PV) or hepatic veins (HV) and 
thence to the right atrium, (d) Mixed 
connections: left pulmonary veins drain to the 
left innominate vein (LIV), and right pulmonary 
veins to the coronary sinus in this example. SMV, 
superior mesenteric vein; SV, splenic vein. 




(b) 



(d) 


the presence or absence of obstruction to pulmonary venous 
flow. 

Anomalies that result in pulmonary venous obstruction cause 
pulmonary venous hypertension in the affected lobe or lobes. 
With an increase in the number of lobes affected and worsen¬ 
ing obstruction, the pulmonary venous hypertension is trans¬ 
mitted back through the vascular bed of the lung, to result in 
pulmonary capillary and pulmonary artery hypertension. A cas¬ 
cade of effects on the pulmonary vasculature results, from acute 
changes such as pulmonary edema and reflex pulmonary vaso¬ 
constriction, to chronic alterations in pulmonary vascular resis¬ 
tance, vessel reactivity, and vascular remodeling. The effects of 
this dramatic increase in afterload on the right side of the heart 
include initially compensatory right ventricular hypertrophy, 
subsequent chamber enlargement, contractile dysfunction, and 
eventual right heart failure. 

The pathophysiology of most of the various forms of PAPVC 
is similar to that of an atrial septal defect, with increased pul¬ 
monary blood flow due to recirculation of oxygenated blood 
through the lungs; this is dependent upon the extent of the pul¬ 
monary vascular bed drained by the anomalously connecting 
vein(s), as well as the status of the atrial septum. The excess 
flow through the right heart and lungs leads to dilation of 
the right atrium, right ventricle, and pulmonary vascular bed. 
With PAPVC of a single pulmonary vein and an intact atrial 
septum, typically the anomalous blood flow is 20-25% of total 


pulmonary blood flow [29], which is rarely clinically apparent. 
With PAPVC of an entire lung with an intact atrial septum, due 
to the greater compliance of the right atrium and right ventri¬ 
cle relative to the left side of the heart, the anomalously drain¬ 
ing blood usually represents 66% rather than 50% of pulmonary 
venous drainage. When encountered with forms of scimitar syn¬ 
drome (Figure 9.3c), the net shunt tends to be lower (24-32% of 
pulmonary blood flow) due to abnormalities of the right lung 
parenchyma and pulmonary vasculature [30]. The subsequent 
development of pulmonary vascular disease with PAPVC is rare, 
but has been reported [31]. 

If a small atrial septal defect is present with PAPVC, the patho¬ 
physiology is similar to that discussed earlier; if a large atrial 
septal defect is present, the degree of left-to-right shunt is often 
significantly increased, with pulmonary recirculation not only 
of blood from the anomalously draining lung but also half or 
more of the normally connecting lungs blood via the atrial sep¬ 
tal defect. Partial anomalous pulmonary venous drainage shares 
similar pathophysiology to PAPVC, with the degree of left-to- 
right shunt dependent upon the number of pulmonary veins 
redirected to the right atrium by the malpositioned septum. 

The pathophysiology seen with TAPVC depends greatly 
upon the presence or absence of pulmonary venous obstruc¬ 
tion, as well as the adequacy of the interatrial defect to allow 
flow to the systemic circulation. In the absence of pulmonary 
venous obstruction, there is complete mixing of systemic and 
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pulmonary venous blood in the right atrium; as the resistance 
to pulmonary blood flow is significantly lower than that of the 
systemic circulation, there is significant pulmonary overcircu¬ 
lation (often 3-5 times normal) and the systemic saturation 
may be 90% or higher (resulting often in clinically inapparent 
cyanosis). Right ventricular dilation and hypertrophy frequently 
occur, along with varying degrees of pulmonary hypertension. 

The size of the interatrial communication with TAP VC plays 
a critical role; with worsening restriction to flow across the atrial 
septum, there is not only a dramatic increase in pulmonary 
overcirculation (and worsening pulmonary hypertension) but 
diminished systemic output. Similarly, with extrinsic or intrin¬ 
sic obstruction to pulmonary venous flow, the cascade of pul¬ 
monary vascular changes discussed earlier may occur. Infants 
with obstructed TAPVC typically present in the first month of 
life, with a rapid and fulminant progression of dyspnea to car¬ 
diorespiratory failure [32]. 

Imaging 

Any detailed assessment of the pulmonary venous connections 
and drainage must by necessity include an assessment of the 
systemic venous anatomy, right and left atria, and the atrial 
septum. These structures are imaged from multiple acoustic 
windows, including the subcostal, apical, left parasternal, high 
right parasternal, and suprasternal notch. Two- (2D) and three- 
dimensional (3D) imaging along with careful color and spec¬ 
tral Doppler techniques are used to render complete imaging of 
these structures. As the majority of pulmonary venous anoma¬ 
lies are diagnosed in infants and children, transthoracic echocar¬ 
diography is the preferred modality and can yield a diagnosis 
in the vast majority of cases; however, transesophageal echocar¬ 
diography (TEE) may be a helpful adjunct diagnostic modal¬ 
ity in the older patient with poor transthoracic acoustic win¬ 
dows. Cardiac magnetic resonance imaging with angiography 
is an excellent alternative modality for delineation of both sys¬ 
temic and pulmonary venous anatomy in those in whom a 
complete diagnosis cannot be obtained with echocardiographic 
techniques [33,34]. 

Goals of the examination 

Preoperative examination 

In all cases, complete anatomic and functional examination by 
2- and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority: 

• Identify each pulmonary vein and its connection site by 2D 
and color Doppler. Do not assume two veins from each lung; 
the number of individual pulmonary veins varies, and addi¬ 
tional vein(s) with separate connection(s) to a systemic vein 
(e.g., left innominate vein, azygous vein, IVC, SVC) should be 
excluded. 


• Follow each anomalously connecting pulmonary vein from its 
origin to its connection to the systemic vein from multiple 
views by continuous 2D and by color Doppler sweeps. 

• Interrogate each pulmonary vein by spectral Doppler and 
record mean gradients; interrogate by spectral Doppler and 
record mean gradient in every site where flow velocity accel¬ 
erates and the lumen narrows by color Doppler. 

• In TAPVC: measure the diameters of each pulmonary vein and 
the smallest diameter of the pulmonary venous confluence. 

• Image the anatomic relationship between the pulmonary 
venous confluence and the left atrium. 

• Rule out mixed drainage (make sure no additional pulmonary 
veins enter a systemic vein separately). 

• Rule out anomalous systemic venous connections. 

• Assess atrial septum, direction of atrial shunt, and evaluate for 
restriction to flow (color and spectral Doppler). 

• Assess presence and degree of right ventricular volume load 
(TV annulus diameter; diastolic septal flattening; qualitative 
assessment of RV size; RV volume by 3D, if feasible). 

• Assess RV pressure by tricuspid and pulmonary regurgitation 
jet velocities and by systolic septal configuration. 

• Measure LA and LV volumes. 

• Exclude associated cardiovascular anomalies. 

Postoperative examination 

• Identify each pulmonary vein and its connection site by 2D 
and color Doppler. 

• Interrogate each pulmonary vein by spectral Doppler and 
record mean gradients. 

• Measure the left-to-right and the superior-to-inferior diame¬ 
ters of the anastomosis between the pulmonary venous con¬ 
fluence and the left atrium. 

• Assess atrial septum and the direction of atrial shunt (color 
AND spectral Doppler). 

• Assess RV pressure by tricuspid regurgitation jet velocity and 
systolic septal configuration. 

• Assess presence and degree of right ventricular volume load 
(TV annulus diameter; diastolic septal flattening; qualitative 
assessment of RV size; RV volume by 3D, if feasible). 

Imaging of abnormal number of pulmonary veins 

The subcostal window is ideal for the evaluation of pulmonary 
veins in infants and young children. The parasternal, subclavic- 
ular, and suprasternal views are more useful in older patients. In 
older patients, the right parasternal and subcostal windows can 
often provide better imaging of the connection of the right upper 
pulmonary vein than the left parasternal view. In both long- and 
short-axis subcostal views the right upper pulmonary vein can 
be imaged entering the left atrium superiorly and just posterior 
to the right superior vena cava. The suprasternal notch view is 
particularly helpful in infants, where the so-called “crab view” 
can frequently demonstrate the drainage of all four pulmonary 
veins (Figure 9.5). TEE can be helpful in patients with subopti- 
mal transthoracic acoustic windows. 



Chapter 9 Pulmonary Venous Anomalies 163 



Figure 9.5 Normal pulmonary venous connection. Suprasternal notch view of the pulmonary veins and left atrium with 2D imaging (a) and color Doppler 
flow mapping (b) shows the “crab” view Two left and two right pulmonary veins drain normally into the left atrium - the “legs” of the crab; the right 
superior vena cava and left atrial appendage are the “claws.” 


Imaging of normal pulmonary vein connections 
with anomalous drainage 

The typical acoustic views for establishing this diagnosis are the 
subxiphoid, apical, and high parasternal short-axis views, all of 
which can demonstrate the site of connection of the pulmonary 
veins to the posterior aspect of the anatomic left atrium, as 


well as establish the plane of septum primum and demonstrate 
any attachments to the wall of the left atrium (Figure 9.6). 
In older patients, a low parasternal short-axis window 
(Figure 9.7; Video 9.1) is frequently the most helpful, as 
the views from subxiphoid and suprasternal notch are typically 
not adequate to demonstrate the position of septum primum. 



Figure 9.6 Anomalous pulmonary venous drainage, (a) Partial. Subxiphoid long-axis image in this patient with mild leftward malposition of septum 
primum (SP) demonstrates flow from the normally connecting right pulmonary veins (RPV) into the right atrium (RA). (b) Total. Apical 2D image in this 
patient with severe leftward malposition of septum primum shows the lack of septum secundum superiorly normal pulmonary venous connections to the 
posterior aspect of the left atrium (LA), and leftward malposition of SP resulting in total anomalous pulmonary venous drainage. PV, pulmonary veins; RV, 
right ventricle. 
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(a) (b) 

Figure 9.7 Total anomalous pulmonary venous drainage: parasternal short-axis view. Parasternal short-axis image with 2D (a) and color Doppler flow 
mapping (b) in this patient with severe leftward malattachment of septum primum (SP). Note the normal connection of the pulmonary veins posteriorly, 
with flow directed to the right atrium (RA). 


In addition to 2D imaging, color Doppler is critical in demon¬ 
strating the anomalous drainage toward the anatomic right 
atrium. Due to the absence of septum secundum encountered in 
patients with polyspenia syndrome, establishing the landmarks 



Figure 9.8 Pulmonary vein stenosis: subxiphoid view. Subxiphoid 
long-axis image of the left atrium (LA) with color Doppler flow mapping 
shows discrete stenosis of the left upper pulmonary vein (LUPV) at its 
junction with the LA (arrow). Note the dilation of the vein proximal to the 
obstruction. RA, right atrium. 


of the anatomic left atrium is important to distinguish this entity 
from “ipsilateral” pulmonary veins, in which true anomalous 
connection of the right pulmonary veins occurs to the anatomic 
right of the right horn of the sinus venosus. Pulsed- and 
continuous-wave spectral Doppler may be helpful in demon¬ 
strating any restriction to flow of the anomalously draining 
pulmonary veins due to restricting attachments of septum 
primum, although this is rarely encountered clinically. 

Imaging of pulmonary vein stenosis 

Stenosis of individual pulmonary veins is best imaged from high 
parasternal windows, and in younger patients from supraster¬ 
nal and subxiphoid views. Careful evaluation of all four pul¬ 
monary veins and their respective orifices is required by 2D 
imaging. Color Doppler and pulsed- and continuous-wave spec¬ 
tral Doppler techniques are necessary to evaluate the presence 
and severity of obstruction (Figure 9.8). Normal pulmonary 
venous Doppler flow patterns are typically laminar, low velocity, 
and phasic, with a short flow reversal during atrial systole (the 
retrograde “A” wave). With increasing degrees of obstruction, the 
retrograde A wave is absent, velocities increase, and phasicity of 
flow is lost (Figure 9.9). In practice, care must be taken to obtain 
accurate spectral Doppler tracings, which is made more difficult 
by the fact that the direction of inflow from the pulmonary vein 
orifices is rarely parallel to the interrogating transducer from 
any of the usual views; modified or off-axis views are frequently 
required. 

Due to acoustic dropout from lung tissue, typically only 
stenoses of the distal pulmonary veins and their respective 
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(a) 



Figure 9.9 Pulmonary vein Doppler patterns, (a) 

Spectral Doppler pulsed-wave interrogation of the 
right upper pulmonary vein from apical imaging 
demonstrates the normal phases of pulmonary venous 
flow. Flow is laminar and low velocity, with retrograde 
flow noted in atrial systole (A wave). D, diastolic wave; 

S, systolic wave, (b) Pulmonary vein stenosis Doppler 
pattern. Spectral Doppler pulsed-wave interrogation of 
the left lower pulmonary vein (LLPV) from parasternal 
short-axis view in a patient with discrete stenosis of the 
LLPV at its junction with the left atrium. Note the high 
velocity and increased turbulence of venous flow, loss 
of phasic variation, and absence of the retrograde “A” 
wave relative to the normal pattern. (b) 

orifices are able to be imaged by echocardiography; more long- 
segment stenosis that extends back into the hilum of the lungs 
is better imaged by other modalities such as cardiac magnetic 
resonance, cardiac CT, or by catheter angiography. Other clues 
to the diagnosis of pulmonary vein stenosis include evidence 
from parasternal short-axis views of pulmonary hypertension in 
response to pulmonary venous inflow obstruction, such as dila¬ 
tion of the right atrium, right ventricle, and pulmonary artery, 
along with systolic flattening of the ventricular septum indica¬ 
tive of right ventricular hypertension. 

Imaging of cor triatriatum 

The cor triatriatum membrane is often easily demonstrated from 
apical views as a curvilinear membrane in the mid-portion of the 


left atrium, separating the pulmonary venous portion of the left 
atrium from the true anatomic left atrium (Figure 9.10; Video 
9.2). The membrane is often thin, and may move throughout 
the cardiac cycle in response to changes in atrial filling pres¬ 
sures and flows. Parasternal short-axis and subxiphoid imaging 
is important in demonstrating the relationship of the cor tria¬ 
triatum membrane to the left atrial appendage, as well as the 
position of septum primum. Malposition and/or malattachment 
of septum primum can be easily confused with cor triatriatum 
from some views; one of the keys in establishing the diagnosis of 
cor triatriatum is that the left atrial appendage is invariably on 
the distal or “low-pressure” side of the membrane, and the posi¬ 
tion of septum primum is often normal. A supramitral stenosing 
ring, in contrast, is located on the immediate atrial side of the 
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Figure 9.10 Classic cor triatriatum sinister. Apical 4-chamber view 
example of the “classic” form of cor triatriatum, with a discrete 
“membrane” (arrow) seen between the pulmonary venous confluence 
(PVC) and the anatomic left atrium (LA). The only egress for pulmonary 
venous blood is through the membrane orifice. RA, right atrium. 

mitral annulus, does not encompass the left atrial appendage, is 
frequently more immobile, and may cause restriction of mitral 
leaflet excursion due to valvar attachments. 

Careful evaluation of the atrial septum from subxiphoid and 
parasternal short-axis views is necessary to elucidate the nature 
of an interatrial communication, if present (Figure 9.11). In 
addition, the course and drainage of each of the pulmonary 
veins should be evaluated, since partial forms of cor triatria¬ 
tum can occur (Figure 9.12), as well as anomalous pulmonary 
venous connection in some variants (Figure 9.2) [35,36]. The 
presence or absence of obstruction across the cor membrane 
is often best confirmed from the apical view, even in older 
patients, as the flow jet is often directed toward the mitral valve 
(Figure 9.13). Color Doppler interrogation along with pulsed- 
and continuous-wave spectral Doppler can provide information 
regarding direction of flow and degree of obstruction, along 
with estimates of the peak and mean pressure gradient across 
a stenotic orifice. 

Imaging of PAPVC 

The diagnosis of PAPVC is established through careful assess¬ 
ment of the pulmonary venous connections as well as the sys¬ 
temic venous anatomy. The systemic vein distal to the connec¬ 
tion of the pulmonary vein is often dilated, which is frequently 
the first clue that PAPVC maybe present (Figures 9.14 and 9.15). 
Anomalous connection of pulmonary veins to the innominate 
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Figure 9.11 Cor triatriatum with patent foramen ovale (PFO) in 
hypoplastic left heart syndrome (HLHS). Off-axis apical 2D image in an 
infant with HLHS and cor triatriatum. Note the defect (D) between the 
pulmonary venous confluence (PVC) and the right atrium (RA) superiorly, 
as well as the flap of septum primum inferiorly which allows a PFO 
communication with the true left atrium (LA). CTM, cor triatriatum 
membrane. 

vein or SVC is best evaluated from high parasternal views 
(Figure 9.14; Video 9.3), both short and long axis, as well as the 
suprasternal notch; in infants and young children, PAPVC may 
be imaged even from subcostal windows. Care must be taken 
to distinguish normal systemic venous structures (e.g., azygous 
vein, superior intercostal vein) from PAPVC, with clues such as 



Figure 9.12 Partial cor triatriatum. Off-axis apical view of the left atrium 
(LA) with color Doppler flow mapping shows a left-sided partial cor 
triatriatum, with a “membrane” (CTM) between the confluence of left 
pulmonary veins (LPV) and the LA. Note the obstruction by color Doppler 
flow. RA, right atrium. 
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Figure 9.13 Classic cor triatriatum with 
obstruction. Apical view with 2D and color 
Doppler mapping shows an example of a more 
“distal” cor triatriatum membrane (CTM) in an 
adult patient with pulmonary hypertension. The 
orifice that allows pulmonary venous inflow is 
medial in this case, with flow acceleration by 
color Doppler (arrow). LA, left atrium; PVC, 
pulmonary venous confluence. 



the absence of normally connected pulmonary veins to the left 
atrium, dilation of the innominate vein and superior vena cava, 
and evidence of right ventricular volume overload by diastolic 
septal flattening helpful in establishing the diagnosis. 

PAPVC to the coronary sinus is best imaged from subcostal 
(particularly in infants and children) and parasternal views, but 
also from apical views. The coronary sinus is typically severely 
dilated, necessitating an evaluation of the presence or absence of 
a persistent left superior vena cava. 

PAPVC to the inferior vena cava, which usually establishes 
the diagnosis of scimitar syndrome, is most easily imaged from 
the subcostal window. Both short- and long-axis imaging of the 



Figure 9.14 Partial anomalous pulmonary venous connection (PAPVC): 
left upper pulmonary vein to innominate vein. Suprasternal notch 
short-axis 2D image in this patient with PAPVC of the left upper 
pulmonary vein to the innominate vein shows the dilated left innominate 
vein (LIV) and right superior vena cava (SVC). VV, vertical vein. 


inferior vena cava is naturally best accomplished through this 
window, and frequently anomalously connecting veins can be 
seen by 2D and color Doppler connecting to the inferior 
vena cava just proximal to the junction with the right atrium 
(Figure 9.16; Video 9.4). Careful evaluation with pulsed- and 
continuous-wave spectral Doppler can establish the presence or 
absence of stenosis of the anomalously connecting pulmonary 
veins. The rightward border of the left atrium typically has an 
abnormally “blunted” contour consistent with the diagnosis. The 
presence of abnormal cardiac position (mesocardia or dextro¬ 
cardia) and hypoplasia of the right pulmonary artery are often 
further clues to the diagnosis. 



Figure 9.15 Partial anomalous pulmonary venous connection (PAPVC): 
dilated superior vena cava (SVC). High right parasternal long-axis image in 
this patient with PAPVC of the left pulmonary veins to the innominate vein 
demonstrates marked dilation of the SVC, consistent with significantly 
increased venous return through this vessel. RA, right atrium. 
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Figure 9.16 Partial anomalous pulmonary 
venous connection (PAPVC): scimitar syndrome. 
Subxiphoid short-axis image with color Doppler 
flow mapping in this patient with scimitar 
syndrome demonstrates PAP VC of right 
pulmonary veins to the inferior vena cava (IVC) 
at its junction with the right atrium (RA). Note 
the mild flow acceleration by color Doppler 
(arrow). D, diaphragm. 


Imaging of TAPVC 

As with PAPVC, the echocardiographic assessment of TAPVC 
requires a careful step-by-step analysis of the anatomy from mul¬ 
tiple imaging views. The right atrium is frequently dilated, and 
the atrial septum bows into the left atrium. The right ventri¬ 
cle is dilated, and in addition to volume overload, right ven¬ 
tricular hypertension is often present; the ventricular septum 
often bows into the left ventricle (Figure 9.17a). Concomitantly, 
the left-sided heart structures are frequently mildly hypoplastic 


(although rarely too hypoplastic to support a two-ventricle 
circulation for isolated forms of TAVPC, Figure 9.17b). The 
first clues to the diagnosis include a large right-to-left shunt 
across the interatrial septum, as well as the inability to image 
the pulmonary veins draining into the left atrium, along with a 
hypoplastic left atrial chamber. Typically the pulmonary venous 
confluence is noted as an echo-free space behind the left atrium. 

The challenge with cases of TAPVC is to image each of 
the four major pulmonary veins and to determine the size, 



(a) (b) 

Figure 9.17 Total anomalous pulmonary venous connection (TAPVC): (a) right ventricular hypertension. Left parasternal short-axis image of the 
ventricles shows the dilation of the right ventricle (RV) relative to the left ventricle (LV), as well as the flat septal position in systole consistent with 
systemic right ventricular pressures in this patient with TAPVC. (b) Left heart hypoplasia. Apical view in this patient with supracardiac TAPVC 
demonstrates the relative hypoplasia of the left atrium (LA), mitral valve, and left ventricle relative to the corresponding right heart structures. 
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Figure 9.18 Supracardiac total anomalous 
pulmonary venous connection (TAPVC): high 
parasternal short-axis view. High parasternal 
imaging in short axis in this patient with 
supracardiac TAPVC shows the severely dilated 
right superior vena cava (SVC), the first clue to 
the diagnosis from this view Note the pulmonary 
venous confluence (PVC) appears relatively 
normally positioned in this plane posterior to the 
pulmonary artery bifurcation. AO, ascending 
aorta; PA, pulmonary artery. 



course, and drainage of each of these veins. This is particularly 
important as “mixed” forms of TAPVC occur and can 
significantly complicate the surgical management. The size of 
the individual pulmonary veins has been determined to be 
an independent risk factor for the development of recurrent 
obstruction in TAPVC following surgical repair [37], and thus 
this should be one of the goals of the evaluation. The most help¬ 
ful views are typically the subxiphoid, parasternal, and supraster¬ 
nal notch views; evaluation includes both 2D imaging and color 
Doppler flow mapping. The size, orientation (horizontal or ver¬ 
tical), and position of the pulmonary venous confluence relative 
to the left atrial chamber is crucial information for the surgeon, 


as well as the course and ultimate connection of the venous chan¬ 
nel draining the pulmonary venous blood into the systemic cir¬ 
culation. 

With supracardiac TAPVC, the vertical vein is frequently 
imaged to the left of the midline, with venous flow ascend¬ 
ing to join most commonly into the leftward aspect of the 
innominate vein (Video 9.5). The innominate vein and supe¬ 
rior vena cava are usually severely dilated (Figure 9.18). Despite 
the venous connections that are typically high in the chest, 
the individual pulmonary veins and location and course of 
the vertical vein in supracardiac TAPVC are often well imaged 
from subxiphoid views in infants (Figure 9.19; Video 9.6). The 


Figure 9.19 Supracardiac total anomalous 
pulmonary venous connection (TAPVC): 
subxiphoid long-axis view. Subxiphoid 2D and 
color Doppler flow mapping in this patient with 
supracardiac TAPVC shows flow from both right 
(RPV) and left pulmonary veins (LPV) into a 
large, superiorly draining vertical vein (VV). 
Note the obligate right-to-left shunt across the 
secundum atrial septal defect. 
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Figure 9.20 Supracardiac total anomalous 
pulmonary venous connection (TAPVC). 
Parasternal short-axis view with color Doppler 
flow mapping in this patient with supracardiac 
TAPVC to the left innominate vein (LIV) shows 
the pulmonary venous confluence (PVC) that 
drains via the vertical vein (VV) toward the 
leftward aspect of the innominate vein. SVC, 
superior vena cava. 


connection between the vertical vein and the systemic venous 
system is frequently easily imaged from high parasternal short- 
axis and suprasternal notch views, with color Doppler flow map¬ 
ping important to ascertain the direction of venous flow and 
the presence of any degree of obstruction (Figures 9.20 and 
9.21). The vertical vein most commonly ascends anterior to 
both the left pulmonary artery and the left mainstem bronchus; 
however, this vessel may pass between the left pulmonary artery 
and the bronchus, which results in extrinsic compression of 
the vessel and obstruction to pulmonary venous return (Fig¬ 
ure 9.22 ; Video 9.7). In addition to color Doppler, pulsed- 


and continuous-wave spectral Doppler from high paraster¬ 
nal and suprasternal notch views are crucial in demonstrat¬ 
ing the presence and severity of obstruction; severe obstruc¬ 
tion to pulmonary venous flow is considered an urgent if not 
emergent indication for surgical repair. Other evidence of pul¬ 
monary hypertension, such as dilation of right-heart structures 
and systolic flattening of the ventricular septum as noted from 
short-axis views, is frequently present (Figure 9.17a). Other 
forms of supracardiac connections that may be present include 
right-sided connections to the right superior vena cava or azy¬ 
gous vein (Figure 9.23; Video 9.8); obstruction can occur in 



Figure 9.21 Total anomalous pulmonary venous 
connection (TAPVC): supracardiac to the left 
innominate vein. Parasternal short-axis imaging 
in this patient with TAPVC via a left-sided 
vertical vein (VV) to the left innominate vein. 
Note the horizontal configuration of the 
pulmonary venous confluence (PVC). LPV, left 
pulmonary veins; RPV, right pulmonary veins. 
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Figure 9.22 Total anomalous pulmonary venous connection (TAPVC): 
supracardiac to the left innominate vein. Parasternal short-axis imaging 
with color Doppler flow mapping in a patient with supracardiac TAPVC 
and obstruction of the left-sided vertical vein (VV) as it courses in between 
the left pulmonary artery and the left mainstem bronchus (arrow). This 
patient had a mean gradient of ~14 mmHg at this site by Doppler and 
suprasystemic right ventricular pressure. PA, pulmonary artery. 


these forms as well, if the ascending vertical vein passes between 
the right pulmonary artery and the trachea or right mainstem 
bronchus. 

“Cardiac” TAPVC is typically associated with a severely 
dilated coronary sinus, which can be noted from multiple views 
along the posterior left atrioventricular groove; this structure 
is best imaged from subcostal (particularly in infants and chil¬ 
dren) (Figure 9.24) and parasternal views (Figure 9.25), but also 


easily noted from apical views even in larger adult patients 
(Figure 9.26). Two-dimensional and color Doppler imaging 
of each of the pulmonary veins is best performed from high 
parasternal short-axis views, suprasternal notch imaging, and 
subxiphoid long-axis imaging when possible (Figure 9.24b). 
Other causes of a dilated coronary sinus include a persistent left 
superior vena cava and partial anomalous pulmonary venous 
connection to the coronary sinus, and these must be confirmed 
or excluded. The orifice of the coronary sinus is typically quite 
large. Obstruction to pulmonary venous flow in this form of 
TAPVC, either at the venous channel draining into the coronary 
sinus, or at the level of the coronary sinus ostium, is rare, but 
can be excluded with color and pulsed Doppler assessment of 
these structures (Figure 9.27; Video 9.9). As with other forms 
of TAPVC, other evidence of the presence of this defect includes 
dilation of the right heart structures and evidence of some degree 
of pulmonary and right ventricular hypertension. 

Infradiaphragmatic TAPVC is associated with a high inci¬ 
dence of obstruction to pulmonary venous drainage. The pul¬ 
monary venous confluence is often positioned posterior to the 
left atrium, with a draining vertical vein that descends through 
the esophageal hiatus of the diaphragm (just anterior to the 
esophagus, Figure 9.28) to connect with the portal venous sys¬ 
tem (most common), the ductus venosus, hepatic vein, or infe¬ 
rior vena cava (Figure 9.29; Video 9.10). The individual veins 
joining the confluence may be imaged from high parasternal 
and suprasternal notch views (Figure 9.30), although subxiphoid 
imaging is crucial in demonstrating the location, size, and course 
of the draining vertical vein, as well as the ultimate connection (s) 
to the systemic venous system below the diaphragm. Careful 
color, pulsed-wave (PW), and continuous-wave (CW) Doppler 


Figure 9.23 Total anomalous pulmonary venous 
connection (TAPVC): supracardiac to the right 
superior vena cava (SVC). Subxiphoid short-axis 
2D and color Doppler flow mapping in this 
patient with TAPVC to the right SVC shows the 
large vertical vein (VV) that courses posterior to 
the right pulmonary artery and mainstem 
bronchus, to arch and join the right SVC at the 
level of the azygous vein. RA, right atrium. 
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Figure 9.24 Cardiac total anomalous pulmonary venous connection (TAPVC). Subxiphoid short-axis 2D view in this patient with TAPVC to the coronary 
sinus by 2D imaging (a) and color Doppler (b) demonstrates the typical “whales tail” view of the pulmonary venous confluence (PVC) draining via a 
communicating vein to the severely dilated coronary sinus (CS). Note the relative hypoplasia of the left atrium and the obligate open position of the patent 
foramen ovale (PFO) which allows filling of the left heart. RA, right atrium. 


evaluation are mainstays in determining the site of connection as 
well as the presence and degree of venous obstruction. Obstruc¬ 
tion most often occurs at the junction between the vertical vein 
and the portal vein, ductus venosus, or hepatic vein, and Doppler 
tracings are characterized by an increase in absolute venous 
velocities and a loss of phasicity (Figure 9.31). Pulmonary hyper¬ 
tension in this setting is the rule and is often severe; evaluation of 
other structures such as the patent ductus arteriosus (if present) 


can assist in assessing the degree of pulmonary hypertension 
(Figure 9.32). 

As the interatrial communication is life-sustaining in TAPVC, 
a thorough evaluation of the atrial septum is necessary to deter¬ 
mine the type and size of the communication, and the presence 
or absence of obstruction to flow. The most helpful views of the 
atrial septum are obtained from subxiphoid long- and short-axis 
views, as the plane of the atrial septum is typically en face to the 



Figure 9.25 Cardiac total anomalous pulmonary venous connection 
(TAPVC): parasternal long-axis view. Parasternal long-axis 2D imaging in 
this patient with total anomalous pulmonary venous connection (TAPVC) 
to the coronary sinus (CS) shows a severely dilated CS and coronary sinus 
ostium (arrow). 



Figure 9.26 Cardiac total anomalous pulmonary venous connection 
(TAPVC): apical view. Apical view with color Doppler flow mapping in this 
patient with TAPVC to the coronary sinus (CS) demonstrates all 
pulmonary venous flow directed via the dilated CS into the right atrium 
(RA). LV, left ventricle; RV, right ventricle. 
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Figure 9.27 Cardiac total anomalous pulmonary venous connection 
(TAPVC): subxiphoid long-axis view with obstruction. Subxiphoid 
long-axis imaging in this patient with TAPVC to the coronary sinus (CS) 
shows mild flow acceleration in the connecting vein between the 
pulmonary venous confluence (PVC) and the CS (arrow). The mean 
gradient in this patient by spectral Doppler estimate was only ~3 mmHg. 
RA, right atrium. 



Figure 9.28 Infradiaphragmatic total anomalous pulmonary venous 
connection (TAPVC). Subxiphoid short-axis imaging with color Doppler 
mapping in this patient with infradiaphragmatic TAPVC shows a large 
vertical vein (VV) coursing interiorly from behind the heart through the 
diaphragm (D); this is anterior to the aorta (AO). Flow is toward the probe 
(red) in both vessels. RA, right atrium. 


interrogating probe. Parasternal short-axis views are also help¬ 
ful; color Doppler and spectral Doppler techniques are helpful in 
determining the size of the flow jet and any degree of obstruction 
to flow. 

Prenatal assessment 

Due to the small amount of pulmonary blood flow and resulting 
pulmonary venous return to the left heart in utero (roughly 7% 


of fetal combined ventricular output [38]), the diagnosis of pul¬ 
monary venous anomalies by fetal echocardiography is challeng¬ 
ing, particularly partial anomalous pulmonary venous return, 
which is infrequently diagnosed in utero [39,40]. Indirect clues 
that suggest the diagnosis of partial or total anomalous pul¬ 
monary venous connections, such as dilation of the right heart 
structures, disproportion of the great arteries, or mild hypopla¬ 
sia of the left atrium [41], should lead to as complete an eval¬ 
uation of pulmonary venous return as possible, although such 


Figure 9.29 Infradiaphragmatic total anomalous 
pulmonary venous connection (TAPVC): 
subxiphoid short-axis view. The subxiphoid 
short-axis view in this patient with 
infradiaphragmatic TAPVC with 2D and color 
Doppler flow mapping shows the vertical vein 
(VV) descending just below the level of the 
diaphragm, and then coursing anteriorly to drain 
directly into the inferior vena cava (IVC). Note 
the color flow acceleration at the connection to 
the IVC. PVC, pulmonary venous confluence. 
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Figure 9.30 Infradiaphragmatic total anomalous pulmonary venous 
connection (TAPVC): parasternal short-axis view. Parasternal short-axis 
view with color Doppler flow mapping in this patient with 
infradiaphragmatic TAPVC shows right (RPV) and left (LPV) pulmonary 
veins coursing posteriorly to meet and descend via a vertical vein (VV) 
below the diaphragm. 


clues are nonspecific and can also be associated with coarcta¬ 
tion of the aorta, other left-sided obstructive lesions, or arte¬ 
riovenous malformation. Visualization of a venous confluence 
behind the left atrium (Figure 9.33) as well as the visualization 
of a vertical vein are common findings associated with fetal cases 
of TAPVC; obstruction to pulmonary venous flow has also been 


reported [40]. Findings suggestive of scimitar syndrome with 
PAPVC include dextrocardia and hypoplasia of the right pul¬ 
monary artery [40]. Some diagnoses, such as malposition of the 
atrial septum with anomalous pulmonary venous drainage, are 
extremely difficult to establish in utero due to the normal devia¬ 
tion of septum primum into the left atrium, although other find¬ 
ings suggestive of heterotaxy syndrome with polysplenia would 
heighten the suspicion of this potential diagnosis. Pulmonary 
veins are seen best from the fetal 4-chamber view as well as 
short-axis views; color and PW Doppler mapping is of great 
utility in confirming the presence of normal or abnormal pul¬ 
monary venous drainage. 

Imaging of the adult 

The diagnosis of pulmonary venous anomalies in the adult 
patient is difficult due to technical limitations. Adequate 2D 
imaging and Doppler signals are difficult to obtain from sub¬ 
costal and suprasternal views due to increased distance from the 
probe. For larger patients, the high parasternal short-axis view is 
often the most helpful, which allows assessment of the atrial sep¬ 
tum as well as the lower pulmonary veins and frequently the left 
upper pulmonary vein as well. The right upper pulmonary vein 
is difficult to image from this vantage point in larger patients, 
although the high right sternal border view is often helpful in 
these situations to exclude a sinus venosus defect. Indirect evi¬ 
dence of anomalous pulmonary venous drainage may be seen 
in even the largest patients, including enlargement of the right 
heart chambers and diastolic flattening of the ventricular sep¬ 
tum, typically from parasternal short-axis views. 



Figure 9.31 Infradiaphragmatic total anomalous pulmonary venous connection (TAPVC) with obstruction, (a) Subxiphoid short-axis image with color 
Doppler flow mapping in this patient with infradiaphragmatic TAPVC shows severe obstruction of the vertical vein (VV) at the site of entry (arrow) into 
the portal vein (PV), which is markedly dilated, (b) Continuous-wave spectral Doppler tracing from the same patient, demonstrating continuous, 
high-velocity flow with complete loss of phasic variation. The mean gradient estimate across this region of obstruction was ~28 mmHg. AO, descending 
aorta. 
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(a) (b) 

Figure 9.32 Total anomalous pulmonary venous connection (TAPVC): pulmonary hypertension with obstructed veins, (a) Parasternal imaging with color 
flow Doppler shows the patent ductus arteriosus (PDA) (arrow) in this patient with obstructed infradiaphragmatic TAPVC. (b) Spectral Doppler pattern 
of the ductus arteriosus in the same patient. Pulmonary artery pressure is suprasystemic in systole (below the baseline). 


Transesophageal echocardiography (TEE) provides an excel¬ 
lent alternative in these situations; TEE allows for clear imaging 
of the atria, atrial septum, pulmonary veins, and the vena cavae 
from multiple imaging planes. Nearly all pulmonary venous 
anomalies, including cor triatriatum, sinus venosus defect and 
partial anomalous pulmonary venous return, may be readily 
diagnosed by TEE [42-44]. A potential drawback, however, is 
the inability to completely image the connections between the 
pulmonary and systemic venous system, which may be high in 



Figure 9.33 Prenatal diagnosis of total anomalous pulmonary venous 
connection (TAPVC). Four-chamber view of this fetus at 28 weeks 
gestation with TAPVC shows the subtle findings of an absence of a 
connection (arrow) between the pulmonary veins and the posterior aspect 
of the left atrium (LA), along with mild dilation of the right atrium (RA) 
and right ventricle. 


the mediastinum or below the diaphragm. Cardiac magnetic res¬ 
onance imaging is an excellent alternative to TEE in children 
and adults with suspected pulmonary venous anomalies, allow¬ 
ing clear visualization of the atria, atrial septum, pulmonary and 
systemic veins, and accurate quantification of right ventricu¬ 
lar size, function, and pulmonary to systemic venous flow ratio 
[34,45,46]. 


Echocardiographic guidance of transcatheter and 
surgical treatment 

The treatment of the vast majority of pulmonary venous anoma¬ 
lies, where treatment is indicated, is surgical. For congenital 
or acquired pulmonary vein stenosis, transcatheter techniques 
have been described, with treatment options varying from sim¬ 
ple balloon dilation [47,48], to cutting balloon dilation [49,50], 
stent placement [51,52], and even drug-eluting stents. While 
such transcatheter interventions have proven helpful in acutely 
relieving obstruction in congenital pulmonary vein stenosis, 
the disease tends to be progressive and frequently recurs 
(Figure 9.34). Surgical intervention, similarly, has been largely 
unsuccessful long term, although more recently the “sutureless” 
operative technique has had perhaps more success at reducing 
recurrence of pulmonary vein stenosis [53-55]. As this disease 
tends to affect the young infant and the intervention is typically 
a vascular procedure, intraprocedural imaging in the catheter¬ 
ization laboratory is typically by angiography and echocardio¬ 
graphy has been more often used for following the status of 
the pulmonary veins noninvasively in follow-up after the proce¬ 
dure, along with the degree of right ventricular and pulmonary 
artery hypertension by Doppler assessment. TEE may be helpful 
to the surgeon in demonstrating the acute relief of pulmonary 
vein stenosis in the operating room, and is the mainstay of 
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Figure 9.34 Pulmonary vein in-stent restenosis. Parasternal short-axis 
image with color Doppler flow mapping in this patient with severe, 
recurrent pulmonary vein stenosis shows a small jet of accelerated 
pulmonary venous inflow in the left lower pulmonary vein (LLPV). Note 
the gap between the color flow jet and the edges of the stent consistent with 
in-stent restenosis. LA, left atrium. 


noninvasive evaluation over the weeks and months following 
repair as surveillance for recurrence. 

Intraoperative TEE is considered quite helpful during repair 
of sinus venosus defects or other forms of partial anoma¬ 
lous venous return, cor triatriatum, and total anomalous pul¬ 
monary venous return (Figure 9.35; Video 9.11) [56,57]. Three- 
dimensional TEE probes are now becoming available to assist 
with intraoperative evaluation as well (Figure 9.36; Video 9.12). 
Complex venous baffling may be required for repair of partial 
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Figure 9.35 Postoperative transesophageal echocardiography (TEE) after 
superior sinus venosus repair. Long-axis (bicaval) TEE view following 
“two-patch” repair of the unroofing defect between the right upper 
pulmonary vein (RUPV) and the superior vena cava (SVC), as well as patch 
augmentation of the SVC anteriorly. The SVC is mildly narrow but 
unobstructed. LA, left atrium; RA, right atrium. 



Figure 9.36 Three-dimensional transesophageal echocardiogram. 
Preoperative image with 3D probe demonstrates a thick cor triatriatum 
“membrane” (CTM) within the left atrium (LA). LV, left ventricle. 


anomalous pulmonary venous return, and TEE is excellent for 
evaluating the patency of the pulmonary and systemic venous 
pathways as well as residual leaks. TEE evaluation of repair of 
TAPVC, however, may be more challenging as the surgical anas¬ 
tomosis is often directly anterior to the esophagus, at times too 
close to the interrogating probe to allow for complete color and 
pulsed Doppler interrogation. In small infants, as well, the pos¬ 
sibility of probe-related distortion or compression of the pul¬ 
monary venous pathway must be considered. Epicardial intra¬ 
operative imaging is an option in this situation, which allows 
for imaging of the venous anastomosis without the potential for 
such distortion; this is also a good option for infants less than 
3 kg, for whom the passage of a TEE probe may be difficult. 
Regardless of the technique, the goals of post-cardiopulmonary 
bypass imaging include evaluation of the repair, exclusion of 
residual lesions, and functional assessment including the AV 
valves, right heart pressures by Doppler estimate, and ventric¬ 
ular function. 

Postoperative assessment 

The goals of longer term postoperative imaging are determined 
in many respects by the nature of the repaired lesion. Congen¬ 
ital or acquired pulmonary vein stenosis is discussed in some 
detail in the preceding section. Resection of cor triatriatum has 
a high success rate, with excellent survival and long-term results 
[58]; follow-up evaluation includes comprehensive imaging of 
the left atrium and any residual membrane tissue, color and 
spectral Doppler evaluation of flow in the pulmonary veins and 
left atrium, evaluation of any residual interatrial defects, and 
assessment of right heart pressure, size, and function. 

Following repair of sinus venosus defect, obstruction of both 
the pulmonary venous pathway and the superior vena cava have 
been described [59]. In repaired partial anomalous pulmonary 
venous return, echocardiographic follow-up evaluation should 
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Figure 9.37 Recurrent obstruction after repair of total anomalous 
pulmonary venous connection (TAPVC). Apical view with color Doppler 
flow mapping in this patient after repair of infradiaphragmatic TAP VC 
shows severe obstruction at the anastomosis between the pulmonary 
venous confluence (PVC) and the left atrium (LA). 

include assessment for any stenosis of the venous baffle to the left 
atrium, residual leaks, presence of any stenosis of the systemic 
vein, and assessment of right heart pressure, size, and function. 

Repair of total anomalous pulmonary venous return is asso¬ 
ciated with a significant risk of recurrent pulmonary venous 
obstruction, both at the level of the anastomosis of the con¬ 
fluence to the left atrium, as well as at the level of the indi¬ 
vidual pulmonary veins. The risk of recurrence of obstruction 
across all types of TAPVC repair is 11-17% [60,61]. Goals for 
the echocardiographic assessment of these patients must include 
careful assessment of the dimensions and flow characteristics, by 
both color and spectral Doppler, of the pulmonary venous con¬ 
fluence anastomosis as well as the individual pulmonary veins. 
Subxiphoid imaging in conjunction with high parasternal and 
suprasternal notch imaging is helpful for the delineation of the 
individual pulmonary veins; frequently the apical view is best for 
evaluation of the pulmonary venous confluence, as the orifice is 
usually directed at the left atrial outlet and parallel to the inter¬ 
rogating transducer in this view (Figure 9.37). Evaluation of the 
right heart size, pressure, and function are important to exclude 
pulmonary hypertension and ventricular dysfunction in this 
setting. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 9.1 Total anomalous pulmonary venous drainage: paraster¬ 
nal short-axis view. Parasternal short-axis image with color Doppler 


flow mapping in this patient with severe leftward malattachment 
of septum primum. Note the normal connection of the pulmonary 
veins posteriorly, with flow directed to the right atrium. 

Video 9.2 Apical view of “classic” cor triatriatum with color 
Doppler interrogation demonstrates the cor triatriatum “mem¬ 
brane” with a large orifice allowing unobstructed pulmonary venous 
inflow from the pulmonary venous confluence and the true left 
atrium. 

Video 9.3 Partial anomalous pulmonary venous connection 
(PAPVC): left upper pulmonary vein to innominate vein. High 
parasternal short-axis view with color Doppler flow mapping in 
this patient with PAPVC of the left upper pulmonary vein to the 
left innominate vein shows a large vertical vein connecting with the 
caudal aspect of the dilated innominate vein. 

Video 9.4 Partial anomalous pulmonary venous connection 
(PAPVC): scimitar syndrome. Subxiphoid short-axis image with 
color Doppler flow mapping in this patient with scimitar syndrome 
demonstrates PAPVC of right pulmonary veins to the inferior 
vena cava at its junction with the right atrium. Note the mild 
flow acceleration by color Doppler and the flow directed caudally 
toward the transducer, which in this view is always an abnormal 
finding. 

Video 9.5 Supracardiac total anomalous pulmonary venous con¬ 
nection (TAPVC). Parasternal short-axis view with color Doppler 
flow mapping in this patient with supracardiac TAPVC to the 
left innominate vein shows the pulmonary venous confluence that 
drains cephalad via the vertical vein toward the leftward aspect of 
the innominate vein. Note the dilated superior vena cava. 

Video 9.6 Supracardiac total anomalous pulmonary venous con¬ 
nection (TAPVC): subxiphoid long-axis view. Subxiphoid two- 
dimensional and color Doppler flow mapping in this patient with 
supracardiac TAPVC shows flow from both right and left pul¬ 
monary veins into a large, superiorly draining vertical vein. Note 
the obligate right-to-left shunt across the secundum atrial septal 
defect. 

Video 9.7 Total anomalous pulmonary venous connection 

(TAPVC): supracardiac to the left innominate vein. Parasternal 
short-axis imaging with color Doppler flow mapping in a patient 
with supracardiac TAPVC and obstruction of the left-sided ver¬ 
tical vein as it courses in between the left pulmonary artery and 
the left mainstem bronchus. This patient had a mean gradient 
of ~14 mmHg at this site by Doppler and suprasystemic right 
ventricular pressure. 

Video 9.8 Total anomalous pulmonary venous connection 

(TAPVC): supracardiac to the right superior vena cava (SVC). 
Subxiphoid short-axis two-dimensional and color Doppler flow 
mapping in this patient with TAPVC to the right SVC shows the 
large vertical vein that courses posterior to the right pulmonary 
artery and mainstem bronchus, to arch and join the right SVC at 
the level of the azygous vein. 
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Video 9.9 Cardiac total anomalous pulmonary venous connection 
(TAPVC): subxiphoid short-axis view. Subxiphoid short-axis view 
in this patient with TAPVC to the coronary sinus demonstrates the 
typical “whale’s tail” of pulmonary venous flow directed into the 
right atrium via the severely dilated coronary sinus (CS). 

Video 9.10 Infradiaphragmatic total anomalous pulmonary 
venous connection (TAPVC): subxiphoid short-axis view. The 
subxiphoid short-axis view in this patient with infradiaphragmatic 
TAPVC with two-dimensional and color Doppler flow mapping 
shows the vertical vein descending just below the level of the 
diaphragm, and then coursing anteriorly to drain directly into the 
inferior vena cava (IVC). Note the color flow acceleration at the 
connection to the IVC. 

Video 9.11 Postoperative transesophageal echocardiography 
(TEE) after superior sinus venosis repair. Long-axis (bicaval) TEE 
view following “two-patch” repair of the unroofing defect between 
the right upper pulmonary vein (RUPV) and the superior vena 
cava (SVC), as well as patch augmentation of the SVC anteriorly. 
The SVC is mildly narrow but unobstructed. 

Video 9.12 TEE. Three-dimensional, preoperative cor triatriatum. 
Preoperative image with 3D transesophageal imaging probe demon¬ 
strates a thick cor triatriatum “membrane” within the left atrium, 
immediately anterior to the imaging probe (apex of the pyramidal 
data set). 
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CHAPTER 10 

Systemic Venous Anomalies 


Leo Lopez and Sarah Chambers 

The Pediatric Heart Center at the Childrens Hospital at Montefiore, New York, NY, USA 


Introduction 

The development of and variations in the systemic venous return 
have been the object of study for many years [1,2]. Systemic 
venous anomalies can occur in isolation, often with little hemo¬ 
dynamic significance, or in association with other structural 
heart defects. With the increasing utility of catheterization and 
surgical intervention in patients with congenital heart disease, 
prior identification and analysis of systemic venous anomalies 
can prevent significant morbidity and mortality, and echocar¬ 
diography has become an essential tool in the diagnosis and 
management of these patients [3-6]. Because of the wide vari¬ 
ability within this class of anomalies, evaluation of the systemic 
venous return must involve a systematic approach with a com¬ 
prehensive description of each individual segment: the superior 
vena cava (SVC), the inferior vena cava (IVC), the azygos and 
hemiazygos veins, the hepatic veins, the coronary sinus (CS), 
and the innominate vein. 

Atrial situs is a key variable in the understanding of the sys¬ 
temic veins [7]. If there is lateralized situs (situs solitus or situs 
inversus), the CS is usually present, and systemic venous anoma¬ 
lies are few, rare, and fairly predictable. The most common 
anomaly in situs solitus is a persistent left SVC connecting to the 
CS. In situs inversus, the systemic venous return is usually a mir¬ 
ror image of the normal pattern. If there is abnormal situs as in 
heterotaxy syndrome (right isomerism or left isomerism), there 
is often a common atrium with fundamentally flawed venous 
segments [8-12]. The anomalies are complex and frequent, but 
they can be predictable based on the type of isomerism, or, in 
other words, on whether the heterotaxy syndrome is of the asple¬ 
nia type or the polysplenia type [3,13]. In right isomerism (asple¬ 
nia type), the CS is almost always absent, and there are usually 
bilateral SVCs connecting to the atria without a connecting vein. 
In left isomerism (polysplenia type), many abnormalities can 
coexist, including anomalous hepatic venous connection, inter¬ 
rupted IVC with azygos continuation, and bilateral SVCs with 
the left SVC connecting either directly to the left-sided atrium 
or to the CS if present. 


Systemic venous anomalies can have important implications 
in the management of any patient who requires cardiac catheter¬ 
ization or surgical intervention and cardiopulmonary bypass, 
since the systemic venous return is cannulated in these proce¬ 
dures. Preoperative identification and complete characterization 
of any abnormalities in systemic venous return is also crucial in 
patients with single ventricle circulation, because their surgical 
palliation ultimately requires connection of the systemic venous 
return directly into the pulmonary arteries. 

Prevalence 

Systemic venous anomalies are uncommon in isolation, and 
their frequency is higher in association with other structural 
heart defects. A persistent left SVC, the most common systemic 
venous anomaly, occurs in 0.3-0.5% of the general population 
[14-16], whereas its frequency in patients with congenital heart 
diseases is as high as 2-10% [17-20]. In the setting of heterotaxy 
syndrome, which has an incidence of 10/100,000 livebirths [21] 
and a frequency of 0.8% in patients with congenital heart dis¬ 
ease [13], systemic venous anomalies occur in more than 70% of 
cases [13,22]. 

Etiology and embryology 

With increasing knowledge pertaining to the development of 
abnormal visceroatrial situs, systemic venous anomalies repre¬ 
sent one component of the morphologically diverse lesions that 
comprise heterotaxy syndrome. It remains unknown, however, 
whether heterotaxy syndrome and the development of bilat¬ 
eral isomeric atrial appendages are predetermined in the genetic 
code. There is a trend toward persistence of the bilateral venous 
return, and this is present early in gestation. Whether the reg¬ 
ularity of venous anomalies in isomerism is due to local effects 
after differentiation or to a separate but related early genetic sig¬ 
nal is not known. 
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Table 10.1 Embryologic origins of the major systemic veins 


Systemic vein 

Embryologic origin 

Superior vena cava 

Right anterior cardinal vein 

Left innominate vein 

Persistent connection between the anterior 
cardinal veins after regression of the left 
anterior cardinal vein 

Coronary sinus 

Left common cardinal vein (left sinus horn) 

Inferior vena cava 

Right vitelline vein, right hepatocardiac vein, 
right subcardinal vein, caudal segment of the 
right supracardinal vein 

Hepatic veins 

Vitelline veins, omphalomesenteric veins 

Azygos vein 

Right supracardinal vein 

Hemiazygos vein 

Left supracardinal vein 


The embryologic origins of the major systemic veins are out¬ 
lined in Table 10.1, and the embryologic origins of common sys¬ 
temic venous anomalies are outlined in Table 10.2. There are 
three separate venous systems in the early human embryo that 
contribute to the systemic venous return: the umbilical, vitelline, 
and cardinal veins. The paired umbilical veins (from the 
chorionic villi) and the paired vitelline veins (from the yolk sac) 


Table 10.2 Embryologic origins of common systemic venous anomalies 


Systemic venous 
anomaly 

Embryologic origin 

Left SVC 

Persistence of the left anterior cardinal vein 

Connecting vein between 

Formation of connection between anterior 

bilateral 

SVCs 

cardinal veins 

Atretic right SVC 

Regression of right anterior cardinal vein 

Left SVC to LA 

Failure of infolding between left sinus 
horn and LA (absent CS), persistence of 
left anterior cardinal vein versus extensive 
unroofing of the CS 

Levoatrial cardinal vein 

Persistent connection between primordial 
common pulmonary vein and cardinal 
veins 

Right SVC to LA or to both 

Leftward superior displacement of right 

atria 

sinus horn versus unroofed right 
pulmonary veins near SVC-RA junction 

Interrupted IVC 

Failure of connection between right 
hepatocardiac veins and right subcardinal 
veins; prominent right supracardinal vein 
becomes azygos continuation or 
prominent left supracardinal vein becomes 
hemiazygos continuation 

Bilateral IVCs 

Persistence of caudal segment of left 
supracardinal vein 

Left IVC to RA 

Persistence of left supracardinal vein and 
regression of right supracardinal vein 

Retroaortic innominate 

Formation of alternate connection 

vein 

between anterior cardinal veins 

CS, coronary sinus; IVC, inferior vena cava; LA, left atrium; RA, right atrium; 
SVC, superior vena cava. 


appear during the third week of gestation (13-somite stage). The 
sinus venosus develops by enlargement of the confluence of the 
umbilical veins and communicates with the atrial heart segment 
through the sinoatrial foramen [23]. The vitelline veins then join 
the umbilical veins as they drain into the rightward and leftward 
aspect of the developing sinus venosus, thus forming the right 
and left horns of the sinus venosus. 

The anterior and posterior cardinal veins appear during the 
fourth week of gestation (20-somite stage). The anterior cardi¬ 
nal veins appear first, draining blood from the cranial end of the 
embryo and the developing central nervous system. The poste¬ 
rior cardinal veins appear shortly thereafter, lateral to the spinal 
cord, draining blood from the caudal end of the embryo. The 
anterior and posterior cardinal veins converge into the common 
cardinal veins that join the umbilical and vitelline veins as they 
drain into the right and left horns of the sinus venosus. 

At around the same time, rightward lateralization of the sys¬ 
temic venous return ensues. First, there is invagination of the 
junction between the left horn of the sinus venosus and the com¬ 
mon atrium, separating the left horn from the left atrium (LA). 
This is followed by a rightward shift of the sinus venosus to com¬ 
mit the three paired venous systems to the right atrium (RA). 
Now that the systemic venous return has lateralized to drain into 
the RA, the formation of the individual systemic veins begins. 

SVC and coronary sinus 

The proximal segments of the right anterior cardinal and right 
common cardinal veins form the right SVC, which connects the 
left innominate, right jugular, and right subclavian veins to the 
RA. The left innominate vein develops during the seventh week 
of gestation as an enlargement of a connection between the ante¬ 
rior cardinal veins. This is followed by the involution of the left 
anterior cardinal vein, which remains as the ligament of Mar¬ 
shall and left superior intercostal vein. Finally, the left horn of 
the sinus venosus and the left common cardinal vein become 
the coronary sinus, draining the cardiac veins into the RA. 

IVC and hepatic veins 

The hepatic veins develop during the fourth and fifth weeks of 
gestation from the confluence of the left and right omphalome¬ 
senteric veins, a network of sinusoids which evolves from and 
between the vitelline veins then lateralizes to join the RA via the 
right horn of the sinus venosus. The development of the IVC is a 
complex process involving multiple embryologic venous systems 
that contribute to different IVC segments. Between the sixth and 
eighth weeks of gestation, the subcardinal veins develop medi¬ 
ally to the posterior cardinal veins, connections form between 
the posterior cardinal veins and the subcardinal veins (forming 
the subcardinal sinus), and the posterior cardinal veins regress 
so that the blood from the posterior part of the embryo now 
returns to the heart via the sub cardinal veins. 
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As the caudal segment of the posterior cardinal veins 
regresses, anastomoses between the right and left subcardinal 
veins develop, the left subcardinal vein regresses, and the right 
subcardinal system becomes the suprarenal segment of the IVC. 
The increased volume of blood flow through the subcardinal 
veins stimulates the development of an unpaired venous chan¬ 
nel that becomes the hepatic segment of the IVC and connects 
the subcardinal sinus to the hepatic veins and the ductus veno- 
sus as they drain to the RA [23]. As this is happening, another 
paired venous system (the supracardinal veins) forms dorsally to 
the subcardinal sinus. These veins connect the subcardinal veins 
to the distal cranial segment of the posterior cardinal vein and 
to the iliac veins. Thus, the right supracardinal vein becomes the 
infrarenal segment of the IVC and the azygos vein, and the left 
supracardinal vein becomes the hemiazygos vein. 


Superior vena caval anomalies 

The right SVC receives blood from the upper half of the body via 
the two brachiocephalic or innominate veins. It also receives the 
azygos vein and several small veins from the pericardium and 
other mediastinal structures. 

Left SVC to the coronary sinus (bilateral SVC) 

A persistent left SVC is the most common systemic venous 
anomaly. It occurs in 20% of patients with tetralogy of Fallot and 
8% of those with Eisenmenger syndrome [24]. A persistent left 
SVC drains into the RA via the CS in 92% of cases (Figure 10.1a). 
In the remaining 8% of cases, it drains into the LA either directly 
because of absence or unroofing of the CS (Figure 10.1c) or via 
a left pulmonary vein (partially persistent left SVC) [25,26]. 






LACV 


Hypoplastic 
LV 

Figure 10.1 Anomalies of the superior vena cava: 
(a) persistent left superior vena cava draining into a 
dilated coronary sinus without a connecting vein 
between the bilateral superior venae cavae; (b) 
atretic right superior vena cava with a persistent left 
superior vena cava draining into a dilated coronary 
sinus; (c) left superior vena cava draining directly 
into the left atrium, occasionally with a connecting 
vein between the bilateral superior venae cavae; (d) 
hypoplastic left heart syndrome with a restrictive 
patent foramen ovale and a levoatrial cardinal vein 
connecting from the left atrium into the left 
innominate vein; (e) biatrial connection of the right 
superior vena cava in a sinus venosus defect with 
partially anomalous drainage of the right upper 
pulmonary vein into the right atrium. CS, coronary 
sinus; CV, connecting vein; LACV, levoatrial 
cardinal vein; LIV, left innominate vein; LSVC, left 
superior vena cava; LV, left ventricle; RIV, right 
innominate vein; RSVC, right superior vena cava; 
RUPV, right upper pulmonary vein. 
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Embryologically, this anomaly results from failure of regres¬ 
sion of the left anterior cardinal and left common cardinal veins. 
If a connection forms between the right and left anterior cardi¬ 
nal veins, it can persist as a connecting vein, as seen in 60% of 
cases with bilateral SVCs [18]. In general, the size of the con¬ 
necting vein is inversely proportional to the size of the persistent 
left SVC [17,18]. A persistent left SVC normally courses anteri¬ 
orly to the left pulmonary artery and aortic arch, between the LA 
appendage and left pulmonary veins, and into the CS as it tra¬ 
verses the left atrioventricular groove. Occasionally, it courses 
behind the left pulmonary artery with potential for obstruc¬ 
tion as it passes between the left pulmonary artery and the left 
bronchus, an area that has been referred to as the “anatomic 
vise.” 

Pathophysiology and clinical significance 

In bilateral SVCs with the left SVC to an intact CS, all the sys¬ 
temic venous return still drains into the RA so there is no hemo¬ 
dynamic significance. From a practical standpoint, identifica¬ 
tion of bilateral SVCs prior to surgical intervention can have sig¬ 
nificant impact on the cannulation approach during initiation 
of cardiopulmonary bypass support [27]. In addition, identifi¬ 
cation of a well-developed connecting vein can allow for surgi¬ 
cal ligation of the left SVC in the operating room if necessary. 
The accidental insertion of a percutaneous venovenous cannula 
into a persistent left SVC has also been reported in a patient 
undergoing liver transplantation, resulting in a left hemoth¬ 
orax, systemic hypertension, and performance of the proce¬ 
dure without venovenous bypass [28]. In patients with a func¬ 
tionally single ventricle, staged surgical intervention involves 
a bidirectional superior cavopulmonary anastomosis (bidirec¬ 
tional Glenn procedure). Bilateral SVCs without a connecting 
vein may require bilateral bidirectional superior cavopulmonary 
anastomoses or, occasionally, surgical ligation of the left SVC 
[29]. Failure to identify the persistent left SVC would ultimately 
result in a persistent right-to-left shunt and decreased oxygen 
saturation. 



Figure 10.2 High left parasagittal view of a persistent left superior vena 
cava draining via a dilated coronary sinus into the right atrium. LA, left 
atrium; LSVC, left superior vena cava; RA, right atrium; RV, right ventricle. 



Figure 10.3 Suprasternal short-axis (transverse) view of bilateral superior 
venae cavae without a connecting vein. Ao, aorta; LSVC, left superior vena 
cava; PA, pulmonary artery; RSVC, right superior vena cava. 


Imaging 

The persistent left SVC can be detected by echocardiography 
with a sensitivity of 95-100% [3]. A high left parasagittal view 
in a nearly vertical orientation can delineate most of the left 
SVC and its continuity with the CS (Figure 10.2; Video 10.1). 
A suprasternal short-axis (transverse) view can display both 
SVCs and their relationship to the ascending aorta (Figure 
10.3; Video 10.2). In addition, a connecting vein, if present, can 
usually be visualized in this view, particularly with the use of 
low-scale color mapping. Color mapping sweeps in a subcostal 
short-axis (sagittal) view can also show the supero-inferior flow 
from both SVCs into the heart. A persistent left SVC is the most 
common cause of a dilated CS, which can be seen during the 
posterior-to-anterior sweep of a subcostal long-axis view, during 
the posterior sweep of an apical 4-chamber view (Figure 10.4; 
Video 10.3), and in the posterior atrioventricular groove in a 



Figure 10.4 Posterior sweep in an apical 4-chamber view reveals a dilated 
coronary sinus. CS, coronary sinus; LV, left ventricle; RA, right atrium; RV, 
right ventricle. 
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Figure 10.5 Parasternal long-axis view of a dilated coronary sinus in 
cross-section as it traverses along the posterior left atrioventricular groove. 
Ao, aorta; CS, coronary sinus; LA, left atrium; LV, left ventricle. 

parasternal long-axis image [30] (Figure 10.5; Video 10.4). If the 
left SVC cannot be delineated easily by imaging and/or color 
mapping, saline contrast injection into the left arm will result 
in the presence of contrast in the dilated CS before its presence 
in the RA. Prenatal diagnosis of a persistent left SVC usually 
involves a dilated CS as seen during the posterior sweep in 
4-chamber views and in the long-axis view of the left ventricle 
in the area of the left atrioventricular groove [31]. The persistent 
left SVC itself can be identified in cross-section as an additional 
vessel to the left of the pulmonary artery on a prenatal 3-vessel 
view [32], and its long axis can be seen with leftward sagittal 
sweeps of the heart. 



Figure 10.6 Suprasternal short-axis (transverse) view of an atretic right 
superior vena cava with drainage of the right innominate vein via the left 
superior vena cava and coronary sinus into the right atrium; the patient 
also has a right aortic arch whose first branch is the left innominate artery 
Ao, aorta; IV, innominate vein; LIA, left innominate artery; LSVC, left 
superior vena cava. 


In this anomaly, the right-sided head and neck vessels drain 
via the right innominate vein into the left SVC, which in turn 
drains via a dilated CS into the RA (Figure 10.1b). Echocar- 
diographic imaging reveals absence of a right SVC connecting 
to the RA in the subcostal short-axis view. The dilated CS 
and the left SVC are then visualized with the same techniques 
described earlier. The suprasternal short-axis (transverse) view 
can also display the left SVC and absent right SVC (Figure 10.6; 
Video 10.5). 


Left SVC to the coronary sinus with an atretic 
right SVC 

Rarely a persistent left SVC occurs without a right SVC 
because of regression of the right anterior cardinal vein [33,34], 
and this has been associated with an increased incidence of 
arrhythmias such as sinus node dysfunction, Wolff-Parkinson- 
White syndrome, third-degree atrioventricular block, atrioven¬ 
tricular nodal reentrant tachycardia, and atrial fibrillation [35]. 


Left SVC to the left atrium 

A persistent left SVC drains directly into the LA in 8% of patients 
(Figure 10.7; Video 10.6) [25]. The vessel runs anteriorly to the 
left pulmonary artery and connects directly to the LA between 
the left upper pulmonary vein and the LA appendage [36,37]. 
It has been suggested that this anomaly results from failure 
of the invagination between the left sinus horn and the LA 
(with consequent failure of development of the CS) and from 



Figure 10.7 Modified high left parasagittal 
view without and with color depicting a left 
superior vena cava draining directly into the 
left atrium. LA, left atrium; LSVC, left superior 
vena cava; LUPV, left upper pulmonary vein. 
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persistence of the left anterior cardinal vein (Raghib anomaly) 
[38]. Another theory suggests that the anomaly results from 
extensive unroofing of the CS [39,40]. Nevertheless, the most 
common scenario involving direct connection of a left SVC 
to the LA is in isomeric right or left atrial appendages with 
drainage of bilateral SVCs into both sides of the atrial mass. The 
CS is usually absent with abnormal situs, so an embryologic 
explanation may not be relevant. 

Pathophysiology and clinical significance 

When there is no connecting vein between the bilateral SVCs 
and no interatrial communication, patients with a left SVC to 
the LA will present early in infancy with decreased oxygen sat¬ 
uration and usually no cardiac murmur. If there is a connecting 
vein between the bilateral SVCs and a small or absent intera¬ 
trial communication, however, the left SVC and connecting vein 
decompress the LA blood into the right SVC and RA (which has 
a lower pressure than the LA). Color mapping will reveal ret¬ 
rograde (cephalad) flow along the left SVC (Figure 10.8; Video 
10.7). Hemodynamically, this anomaly represents a left-to-right 
shunt similar to an atrial septal defect or partial anomalous pul¬ 
monary venous return and can cause right ventricular volume 
overload. Surgical repair of this anomaly is often indicated. If 
there is a connecting vein or if the upper venous pressure is less 
than 15 mmHg with test occlusion of the left SVC, surgical treat¬ 
ment involves ligation of the left SVC [29]. Alternatively, the left 
SVC can be reimplanted into the RA or the pulmonary artery 
[41,42]. More recently, the preferred surgical approach involves 
creation of an intra-atrial baffle to direct the flow from the left 
SVC across a surgically created atrial septal defect into the RA 
[43]. A persistent left SVC to the LA can cause cyanosis after a 
Fontan procedure, and interventional catheterization with coil 
occlusion of the vein can be beneficial and preclude the need for 
another operation. 



Figure 10.8 Suprasternal short-axis (transverse) view with color mapping 
of a left superior vena cava connecting directly to the left atrium; in the 
setting of a connecting (left innominate) vein between the bilateral superior 
venae cavae, there is retrograde flow along the left superior vena cava from 
the left atrium. LA, left atrium; LIV, left innominate vein or connecting 
vein between the bilateral superior venae cavae; LPA, left pulmonary 
artery; LSVC, left superior vena cava. 


Imaging 

The diagnosis of a persistent left SVC with direct connection to 
the LA can be made by echocardiography using the same high 
left parasagittal and suprasternal short-axis views discussed pre¬ 
viously. In the absence of a connecting vein between the bilat¬ 
eral SVCs, there is obligate flow from the left SVC into the 
LA, and color mapping will reveal antegrade flow along the left 
SVC. Saline contrast injection into the left arm will result in the 
appearance of contrast in the LA. Radionuclide studies can also 
be used to detect the early appearance of systemic venous blood 
in the LA [44,45]. More recently, computed tomography and 
magnetic resonance angiography have been used to delineate the 
abnormal vasculature. 

Levoatrial cardinal vein 

The levoatrial cardinal vein is an embryologic connection 
between the capillary plexus of the embryonic foregut (the ori¬ 
gin of the pulmonary veins) and the cardinal venous system. Ele¬ 
vated LA pressures in the setting of LA outlet obstruction early 
in gestation may result in persistence of the levoatrial cardinal 
vein in order to decompress the LA into the left innominate vein 
or right SVC (Figure 10.Id) [46]. 

Pathophysiology and clinical significance 

LA outlet obstruction occurs with mitral stenosis or atresia (with 
or without hypoplastic left heart syndrome) and an intact atrial 
septum or restrictive atrial septal defect (Figure 10.9; Video 
10.8). Decompression of the LA via a levoatrial cardinal vein 
allows for drainage of oxygenated pulmonary venous return into 
the right heart. Unlike the course of a persistent left SVC, a levoa¬ 
trial cardinal vein usually courses behind the left pulmonary 
artery and in front of the left bronchus, the “anatomic vise” 
which can cause compression or obstruction of the vessel as it 
traverses the area. 



Figure 10.9 Subcostal short-axis (sagittal) view with color mapping of a 
levoatrial cardinal vein in a patient with small restrictive atrial septal 
defects, mitral atresia, left ventricular hypoplasia, ventricular septal defect, 
and double outlet right ventricle; the flow in the levoatrial cardinal vein is 
away from the heart into the left innominate vein. Ao, aorta; LACV, 
levoatrial cardinal vein; LV, left ventricle; RV, right ventricle. 
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Figure 10.10 Suprasternal short-axis (transverse) view with color mapping 
of a levoatrial cardinal vein in a patient with small restrictive atrial septal 
defects, mitral atresia, left ventricular hypoplasia, ventricular septal defect, 
and double outlet right ventricle; the flow in the levoatrial cardinal vein is 
away from the heart into the left innominate vein. Ao, aorta; LACV, 
levoatrial cardinal vein; LIV, left innominate vein; RSVC, right superior 
vena cava. 


Imaging 

When LA outlet obstruction is seen in the subcostal long-axis 
sweep, a levoatrial cardinal vein appears as an abnormal ves¬ 
sel draining superiorly into the thorax away from the heart. 
Suprasternal short-axis views can show the retrograde flow 
within the decompressing vessel from the LA or left pulmonary 
vein into the left innominate vein or right SVC (Figure 10.10; 
Video 10.9). 


Right SVC to the left atrium or to both atria 

Direct connection of the right SVC to the LA is a rare anomaly 
and has been attributed to leftward and superior displacement 
of right sinus horn [47-49]. The development of a superior 
sinus venosus defect has also been attributed to this embry- 
ologic event, and connection of the right SVC to both atria (Fig¬ 
ure 10.le) is a hallmark finding of a superior sinus venosus 
defect, suggesting that both anomalies are variants of the same 
lesion. More recent reports suggest that both lesions result from 
unroofing of the right pulmonary veins at or above the junc¬ 
tion between the right SVC and the RA [50]. In other words, 
the usual partition between the posterior aspect of the right 
SVC and the anterior aspect of the right pulmonary veins is 
absent. Hemodynamically, decreased oxygen saturation results 
from direct connection to the LA, and right ventricular volume 
overload results from biatrial connection. By echocardiography, 
the relationship of the right SVC to both atria is best delineated 
from the subcostal short-axis (sagittal) view (Figure 10.11; Video 
10.10) or the right sternal border long-axis view (Figure 10.12; 
Video 10.11). 

Other SVC anomalies 

Congenital SVC obstruction in isolation is extremely rare. Occa¬ 
sionally, SVC obstruction can result from compression by a 
tumor or from thrombus formation. In the setting of congeni¬ 
tal heart disease, postoperative SVC obstruction can occur after 
an atrial switch procedure for transposition of the great arter¬ 
ies and after repair of a sinus venosus defect with partially 
anomalous return of the right upper pulmonary vein. It can 



Figure 10.11 Subcostal short-axis (sagittal) 
view with color mapping of a right superior 
vena cava with biatrial connection. LA, left 
atrium; RA, right atrium; RSVC, right 
superior vena cava. 



Figure 10.12 Right sternal border long-axis 
view with color mapping of a right superior 
vena cava with biatrial connection. LA, left 
atrium; RA, right atrium; RSVC, right 
superior vena cava. 
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also occur after orthotopic heart transplantation with bicaval 
anastomoses. Management of SVC obstruction can involve bal¬ 
loon dilation during cardiac catheterization [51] or surgical revi¬ 
sion. Echocardiographic diagnosis of SVC obstruction usually 
involves subcostal, right sternal border, and suprasternal imag¬ 
ing and color mapping, though occasionally a transesophageal 
echocardiogram is necessary since prior surgery often results in 
poor transthoracic echocardiographic windows. Doppler inter¬ 
rogation of SVC flow can estimate the gradient across the 
obstruction. 

Complete absence of both right and left SVCs has been 
reported in a patient with tetralogy of Fallot, wherein bilateral 
jugular and subclavian veins drain into dorsally located vessels 
joining above the diaphragm behind the heart, course caudally 
along the left side of the spine, cross to the right side at the level 
of the left kidney, and drain anteriorly into the IVC and RA [52]. 
The authors postulate that failure of the development of the ante¬ 
rior cardinal system has resulted in persistence of the supracar- 
dinal veins as a means of decompressing the upper half of the 
body into the heart. 

Inferior vena caval anomalies 

There is wide variation in the arrangement of the inferior sys¬ 
temic veins below the level of the renal veins. However, the pro¬ 
gressively anterior location of the ascending IVC as it receives 
the hepatic veins and connects to the RA is fairly constant and 
can be seen in at least 97% of the general population [3]. In het- 
erotaxy syndrome, the spatial relationship between the IVC and 
descending aorta may be abnormal [53], and echocardiography 
can usually delineate this relationship [5], especially with sub¬ 
costal views [7] (Figure 10.13). 

The common azygos trunk is formed from paravertebral 
drainage of the right ascending lumbar vein, subcostal vein, 



Figure 10.13 Subcostal long-axis (transverse) view with color mapping 
displaying the spatial relationship between the inferior vena cava and the 
descending aorta just below the level of the diaphragm; the inferior vena 
cava is rightward and anterior in location with respect to the descending 
aorta. A, anterior; Dao, descending aorta; IVC, inferior vena cava; L, left; P, 
posterior; R, right. 


and lumbar azygos vein if present; ascends along the rightward 
posterior aspect of the mediastinum to the level of the fourth 
thoracic vertebra; arches anteriorly at this level above the root 
of the right lung; and drains into the SVC just before it pierces 
the pericardium. The azygos vein is joined by the right superior 
intercostal vein at its junction with the SVC, representing the 
confluence of the second, third, and fourth posterior intercostal 
veins. In contrast, the hemiazygos vein drains the left renal vein, 
lumbar azygos, lumbar veins, and the lower three posterior 
intercostal veins; ascends along the left side of the vertebrae 
(similar to the azygos vein); crosses the midline across the 
anterior surface of the eighth vertebral body; and connects to 
the azygos vein on the right at this level. 

Interrupted IVC with azygos/hemiazygos 
continuation 

Interrupted IVC with azygos continuation (also known as absent 
hepatic segment of the IVC with azygos continuation) (Figure 
10.14a) occurs in up to 84% of patients with left isomerism or 
polysplenia syndrome [54], but it may also occur in patients with 
situs solitus [3] and rarely in patients with right isomerism or 
asplenia syndrome [55]. It has a prevalence of approximately 
0.6% among patients with congenital heart disease [56] and 
less than 0.3% among those without other heart defects [15,16]. 
Embryologically, failure of the right subcardinal vein to con¬ 
nect to the right vitelline and right hepatocardiac veins results 
in absence of the hepatic segment of the IVC. The right suprac- 
ardinal vein enlarges and ultimately becomes the azygos con¬ 
tinuation to the right SVC. If there is a left SVC and no right 
SVC, the left supracardinal vein enlarges to become the hemi¬ 
azygos continuation of an interrupted IVC. In either arrange¬ 
ment, the hepatic veins maintain their connection to the floor 
of the atrial mass [3,57,58]. One unusual case report describes 
an interrupted IVC with continuation to an accessory hemiazy¬ 
gos vein, to the superior intercostal vein, and ultimately to the 
brachiocephalic vein [59]. 

Pathophysiology and clinical significance 

Because an interrupted IVC is usually seen in the setting of 
heterotaxy syndrome, its hemodynamic significance is usually 
determined by the associated intracardiac anomalies. It is impor¬ 
tant to diagnose azygos continuation of the IVC by echocar¬ 
diography because cardiac catheterization and intraoperative 
venous cannulation maybe difficult in these patients [27,60,61]. 
In addition, patients with left isomerism and an interrupted IVC 
are at increased risk for complete heart block [62], and emer¬ 
gency placement of a pacemaker can be difficult to place via 
an azygos vein. In patients with single ventricle circulation, the 
timing for staged palliation is affected by an interrupted IVC 
since a bidirectional superior cavopulmonary anastomosis will 
result in connection of the entire systemic venous system except 
for the hepatic veins to the pulmonary arteries (Kawashima 
procedure) [63]. 
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Figure 10.14 Anomalies of the inferior vena 
cava: (a) interrupted inferior vena cava with 
azygos continuation to the right superior vena 
cava; (b) bilateral inferior venae cavae which 
converge into a common right-sided inferior 
vena cava at the level of the renal veins; (c) left 
inferior vena cava connecting to the right 
inferior vena cava at the level of the renal veins 
with an atretic subrenal segment of the right 
inferior vena cava. AV, azygos vein; LIVC, left 
inferior vena cava; LRV, left renal vein; RIVC, 
right inferior vena cava; RRV, right renal vein; 
RSVC, right superior vena cava. 


Imaging 

Subcostal short-axis (sagittal) and long-axis (transverse) views 
with posterior angulation usually demonstrate hepatic venous 
drainage to the RA without IVC connection to the RA. Subcostal 
short-axis (sagittal) views are especially useful in delineating the 
following anatomic features: 

• The length of the IVC from the level of the kidneys to its junc¬ 
tion with the RA to avoid erroneously identifying a prominent 
hepatic vein as the IVC; 

• A prominent azygos vein coursing parallel to and along the 
rightward and posterior aspect of the descending aorta (a 
prominent hemiazygos vein courses along the leftward and 
posterior aspect of the descending aorta); 

• Opposite direction of flow in the azygos or hemiazygos vein 
and the descending aorta by color mapping (Figure 10.15; 
Video 10.12). 

Right sternal border long-axis (parasagittal) and the 
suprasternal long-axis views can also demonstrate the arch 
of the azygos vein as it connects to the posterior aspect of the 
right SVC (Figure 10.16; Video 10.13). Fetal echocardiography 
usually reveals absence of the full length of the IVC during 



Figure 10.15 Subcostal short-axis (sagittal) view with color mapping of an 
interrupted inferior vena cava with hemiazygos continuation into the left 
superior vena cava; the hemiazygos vein is parallel and posterior to the 
descending aorta. Dao, descending aorta; HAY, hemiazygos vein. 
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Figure 10.16 Modified high left parasagittal 
view (a) without and (b) with color mapping 
of an interrupted inferior vena cava with 
hemiazygos continuation into the left superior 
vena cava. HAV, hemiazygos vein; LSVC, left 
superior vena cava. 

sagittal sweeps of the fetal chest and abdomen. Identification 
of the prominent azygos vein behind and to the right of the 
descending aorta is often the first clue to an interrupted IVC in 
utero [31]. 

Bilateral IVCs (duplication of the IVC) 

Because the hepatic segment of the IVC is unpaired, complete 
bilateral IVCs do not exist. However, duplication of certain seg¬ 
ments of the IVC is seen in 0.2-0.3% of the general population 
[64]. This results from persistence of both supracardinal veins, 
which is rare and can occur in patients with and without abnor¬ 
mal situs [65]. In these cases, the left IVC ends at the level of the 
renal veins, crosses in front of the descending aorta, and joins 
the right IVC at the level of the kidneys (Figure 10.14b). Con¬ 
nection of bilateral IVCs may occur at other levels, and the prac¬ 
tical significance of this rare anomaly depends on exactly where 
the two IVCs join (Figure 10.17). Echocardiographic diagnosis 
of this defect is extremely difficult. 

Left IVC to the right atrium (absent right IVC) 

A left IVC connecting to the RA is a rare anomaly that occurs 
in 0.2-0.5% of the general population [64]. It results from 



Figure 10.17 Magnetic resonance angiogram of bilateral inferior venae 
cavae (stars) converging into a common inferior vena cava just below the 
diaphragm. Source: Dr. Tal Geva from Childrens Hospital Boston, MA, 
USA. Reproduced with permission of Dr. Geva. 


regression of the right supracardinal vein and persistence of the 
left supracardinal vein. In this arrangement, the hepatic segment 
of the right IVC (including the hepatic veins) maintains its con¬ 
nection to the RA. The caudally located left IVC can cross in 
front of the descending aorta at or above the level of the renal 
veins before connecting to the right IVC (Figure 10.14c) or it 
can drain into a prominent hemiazygos vein. Subcostal long- 
axis (transverse) imaging and color mapping sweeps (at a low 
color mapping scale) can sometimes display the left IVC as it 
crosses the midline in front of the descending aorta before con¬ 
necting with the hepatic segment of the right IVC (Figure 10.18; 
Video 10.14). 

Right IVC to the left atrium 

There have been few reports of anomalous drainage of the IVC 
into the LA with an intact atrial septum [66-68]. Some have sug¬ 
gested that these cases are related to persistence of the embry¬ 
onic valves of the sinus venosus in the setting of an atrial septal 
defect [69] or to errors in pathologic description [23]. A com¬ 
plete embryologic explanation for direct connection of an IVC to 
the LA is not currently available. Preoperative diagnosis of these 
lesions is especially important to prevent iatrogenic diversion 
of IVC flow to the LA during surgical closure of an atrial sep¬ 
tal defect [70]. In the absence of an interatrial communication, 
these patients have an obligatory right-to-left shunt and there¬ 
fore have lower oxygen saturation. In the presence of an inter¬ 
atrial communication, biatrial connection of the IVC may be a 
result of an inferior secundum atrial septal defect that is conflu¬ 
ent with the IVC or an inferior sinus venosus defect. Echocar¬ 
diographic evaluation involves careful color mapping of IVC 
flow in subcostal and right sternal border views (Ligure 10.19; 
Video 10.15). Saline contrast injection into a lower extremity 
systemic vein can confirm the diagnosis with the immediate 
appearance of contrast in the LA. 

Hepatic vein anomalies 

Normal hepatic venous drainage occurs from both hepatic lobes 
directly into the IVC, and abnormal drainage can involve some 
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(a) (b) 

Figure 10.18 (a) Angiogram of a left inferior vena cava which crosses the midline just below the diaphragm before draining into the right atrium; (b) 
subcostal long-axis (transverse) view with color mapping of a left inferior vena cava at the level where it crosses in front of the descending aorta (star) 
before draining into the right atrium. A, anterior; Ao, aorta; L, left; LIVC, left inferior vena cava; P, posterior; R, right. 


or all of the hepatic veins. Anomalous hepatic venous connec¬ 
tion directly to the heart occurs in up to 28% of patients with 
right isomerism or asplenia syndrome [13], although it may 
also occur in situs solitus or situs inversus [3,71,72]. Anomalous 
hepatic venous connection to the atrial mass via a single trunk 
also occurs in left isomerism. In left isomerism or polysplenia 
syndrome, two or more separate hepatic venous connections are 
often seen in association with an interrupted IVC. Recognition 
of anomalous hepatic venous drainage in patients with single 
ventricle circulation and in patients undergoing liver trans¬ 
plantation is critical in determining the appropriate surgical 
intervention. For example, failure to identify a separate acces¬ 
sory hepatic vein prior to a Fontan procedure can result in the 
inadvertent exclusion of this vessel with decompression from 
the Fontan pathway via the accessory hepatic vein into the atrial 
mass; this, in turn, results in significant progressive cyanosis 
after the operation [73,74]. Lastly, some or all of the hepatic 
veins can drain anomalously into the CS, resulting in a dilated 
CS as discussed later [75]. Echocardiographic evaluation of the 
IVC and hepatic veins should be performed during the posterior 


sweep in subcostal long-axis (transverse), apical, parasternal, 
and even suprasternal views (Figure 10.20; Video 10.16). 

Coronary sinus anomalies 

Although the CS drains into the RA, some consider it a structure 
associated with the LA since it courses along the posterior aspect 
of the left atrioventricular groove, accounting for its absence in 
right isomerism. It represents the left horn of the sinus venosus 
after leftward invagination of the junction between the left sinus 
horn and the common atrium. Aside from a dilated CS, other 
anomalies of the CS are rare [76]. 

Dilated coronary sinus 

The CS becomes dilated as a result of abnormally increased flow 
or pressure. Some causes of the increased flow in the CS include: 

• Persistent left SVC to the CS 

• Coronary sino-septal defect (partial or complete unroofing of 
the CS) 



Figure 10.19 Biatrial connection of an inferior vena cava secondary to an atrial septal defect which is confluent with the inferior vena cava in (a) a 
subcostal short-axis (sagittal) view, and (b) a right sternal border long-axis view. IVC, inferior vena cava; LA, left atrium; RA, right atrium; SVC, superior 


vena cava. 
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Figure 10.20 Suprasternal short-axis view of 
separate hepatic venous connections (stars) to 
the common atrium of a patient with 
heterotaxy syndrome. CA, common atrium. 

• Partially or totally anomalous pulmonary venous drainage 
into the CS 

• Partially or totally anomalous hepatic venous drainage into the 
CS [75]. 

Increased pressure in the CS results primarily from RA hyper¬ 
tension, particularly in the setting of the classic Fontan proce¬ 
dure involving direct anastomosis of the RA appendage to the 
pulmonary artery. 

As discussed previously, a dilated CS can be seen by echocar¬ 
diography during the posterior-to-anterior sweep of a subcostal 
long-axis view, during the posterior sweep of an apical 4- 
chamber view (Figure 10.4; Video 10.3) and along the posterior 
atrioventricular groove in a parasternal long-axis image [30] 
(Figure 10.5; Video 10.4). When a dilated CS is seen, a system¬ 
atic approach should include evaluation of the left innominate 
vein, the individual pulmonary veins, the hepatic veins, and 
the roof of the CS. It is especially important to evaluate the CS 
with views wherein the roof is perpendicular to the ultrasound 
beam; these include the posterior sweep of an apical view as well 
as a high left parasagittal view with the probe in a nearly vertical 
orientation. A coronary sino-septal defect (partial or complete 
unroofing of the CS) is often associated with a left SVC, is 
located along the superior aspect of the CS as it passes behind 
the LA, can present like a left SVC to the LA, and may or may 
not be associated with an additional interatrial communication. 
Saline contrast injection into the left arm may result in the 
appearance of contrast in the LA. 

Coronary sinus ostium atresia or stenosis 

Atresia or stenosis of the CS ostium is extremely rare, and the 
obstruction is thought to result from a prominent Thebesian 
valve. Decompression of coronary venous blood usually occurs 


via a persistent left SVC, although occasionally decompression 
occurs via a prominent Thebesian vein, a coronary sino-septal 
defect, or a connection with the IVC [69]. In these instances, 
the anomaly has no hemodynamic significance and the clinical 
course is usually benign. Absence of adequate decompression is 
generally associated with poor outcome, emphasizing the critical 
importance of even a small left SVC in these cases. Suprasternal 
short-axis views with color mapping can demonstrate retrograde 
flow from the left SVC into the connecting vein in most of these 
cases. It is important to distinguish this anomaly from the nor¬ 
mal drainage of a prominent superior intercostal vein or inter¬ 
nal thoracic vein into the left innominate vein in the setting of a 
small CS. It is especially critical to identify this anomaly prior to 
surgical intervention because ligation of a left SVC in the setting 
of CS ostium atresia or stenosis may lead to severe myocardial 
ischemia or sudden cardiac arrest [77,78]. 

Other coronary sinus anomalies 

Absence of the CS is common in the setting of abnormal atrial 
situs with isomerism and is distinctly uncommon in the setting 
of lateralized atrial situs [3]. Rarely the coronary sinus connects 
to the IVC instead of the RA [79]. 

Innominate vein anomalies 

The normal left innominate vein 

• originates from the persistent connection between the anterior 
cardinal veins after regression of the left anterior cardinal vein; 

• represents the systemic venous drainage from the left subcla¬ 
vian and left common jugular veins; 

• courses in front of the aortic arch and ascending aorta before 
draining into the right SVC. 
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Retroaortic innominate vein 

In this rare anomaly, the innominate vein courses behind the 
ascending aorta and below the aortic arch before draining into 
the right SVC at a level below the connection of the azygos vein. 
It occurs in 1% of patients with congenital heart disease [80] and 
in at most 0.008% of the general population [23]. It is most com¬ 
monly seen in patients with tetralogy of Fallot or truncus arte¬ 
riosus and a right aortic arch [80-82]. Embryologically, some 
have suggested that this anomaly results from failure of devel¬ 
opment of the usual connection between the anterior cardinal 
veins and formation of an alternative connection in a different 
location [82]. 

Pathophysiology and clinical significance 

Although there is no hemodynamic significance to this lesion, 
it can have an effect during venous cannulation [27] and during 
a bidirectional superior cavopulmonary anastomosis procedure. 
When the innominate vein is absent, it usually represents the 
presence of bilateral SVCs without a connecting vein. However, 
a retroaortic innominate vein may also occur in this setting. 

Imaging 

Echocardiographic evaluation involves suprasternal short- 
axis (transverse) and long-axis (sagittal) views. Suprasternal 
short-axis (transverse) imaging of a normal left innominate 
vein reveals its course in front of the ascending aorta, usually 
just below the origin of the first aortic arch branch. With a 
retroaortic innominate vein, short-axis sweeps can reveal two 
separate and parallel vessels (representing the right pulmonary 
artery and the retroaortic innominate vein) coursing behind 
the ascending aorta (Figure 10.21; Video 10.17). Occasionally, 
the right pulmonary artery is small, and the problem may not 
be recognized if the retroaortic innominate vein is erroneously 
identified as a normal-sized right pulmonary artery. In long-axis 
(sagittal) views, two circles are seen below the transverse aortic 
arch, the superior one representing the cross-section of the 
retroaortic innominate vein and the inferior one representing 
the cross-section of the right pulmonary artery (Figure 10.22). 




Figure 10.22 Suprasternal long-axis view of a retro-aortic innominate vein 
as it courses below the aortic arch and above the right pulmonary artery. 
AAo, ascending aorta; LIV, left innominate vein; RPA, right pulmonary 
artery. 



Figure 10.23 Posterior view during magnetic resonance 3D reconstruction 
of an absent left innominate vein; the left head and neck vessels drain into 
the hemiazygos vein which, in turn, connects to the azygos vein below the 
diaphragm with subsequent drainage via the azygos vein into the right 
superior vena cava. AV, azygos vein; HAV, hemiazygos vein; RSVC, right 
superior vena cava. Source: Dr. Tal Geva from Children’s Hospital Boston, 
MA, USA. Reproduced with permission of Dr. Geva. 


Other innominate vein anomalies 

Other extremely rare anomalies of the innominate vein include 
duplication of the left innominate vein [23] and absent left 
innominate vein (Figure 10.23; Video 10.18). 


Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 10.1 High left parasagittal view of persistent left superior 
vena cava. High left parasagittal view without and with color map¬ 
ping of a persistent left superior vena cava draining via a dilated 
coronary sinus into the right atrium. 
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Video 10.2 Suprasternal short-axis view of bilateral superior venae 
cavae. Suprasternal short-axis (transverse) view with color mapping 
of bilateral superior venae cavae without a connecting vein. 

Video 10.3 Apical 4-chamber sweep showing a dilated coronary 
sinus. Posterior sweep in an apical 4-chamber view reveals a 
dilated coronary sinus along the posterior left atrioventricular 
groove. 

Video 10.4 Parasternal long-axis view of a dilated coronary sinus. 
Parasternal long-axis view of a dilated coronary sinus in cross- 
section as it traverses along the posterior left atrioventricular 
groove. 

Video 10.5 Suprasternal short-axis view of a persistent left supe¬ 
rior vena cava. Suprasternal short-axis (transverse) view without 
and with color mapping of an atretic right superior vena cava with 
drainage of the right innominate vein via the left superior vena cava 
and coronary sinus into the right atrium; the patient also has a right 
aortic arch whose first branch is the left innominate artery. 

Video 10.6 Modified high left parasagittal view without and with 
color depicting a left superior vena cava draining directly into the 
left atrium. 

Video 10.7 Suprasternal short-axis view of left superior vena cava 
to left atrium with retrograde flow. Suprasternal short-axis (trans¬ 
verse) view with color mapping of a left superior vena cava con¬ 
necting directly to the left atrium; in the setting of a connecting 
(left innominate) vein between the bilateral superior venae cavae, 
there is retrograde flow along the left superior vena cava from the 
left atrium. 

Video 10.8 Subcostal short-axis sweep demonstrating a levoatrial 
cardinal vein. Subcostal short-axis (sagittal) sweep with color map¬ 
ping in a patient with small restrictive atrial septal defects, mitral 
atresia, left ventricular hypoplasia, ventricular septal defect, and 
double outlet right ventricle; the left atrium decompresses into a 
levoatrial cardinal vein with flow away from the heart into the left 
innominate vein. 

Video 10.9 Suprasternal short-axis view of a levoatrial cardinal 
vein. Suprasternal short-axis (transverse) view with color mapping 
of a levoatrial cardinal vein in a patient with small restrictive atrial 
septal defects, mitral atresia, left ventricular hypoplasia, ventricular 
septal defect, and double outlet right ventricle; the flow in the levoa¬ 
trial cardinal vein is away from the heart into the left innominate 
vein. 

Video 10.10 Subcostal short-axis view of a right superior vena cava 
with biatrial connection. Subcostal short-axis (sagittal) view with 
color mapping of a right superior vena cava with biatrial connection 
(superior sinus venosus defect). 

Video 10.11 Right sternal border long-axis view of a right superior 
vena cava with biatrial connection. Right sternal border long-axis 
view without and with color mapping of a right superior vena cava 
with biatrial connection (superior sinus venosus defect). 


Video 10.12 Subcostal short-axis view of an interrupted inferior 
vena cava. Subcostal short-axis (sagittal) view with color mapping 
of an interrupted inferior vena cava with hemiazygos continuation 
into the left superior vena cava; the hemiazygos vein is parallel and 
posterior to the descending aorta; there is diastolic reversal of flow 
in the descending aorta, presumably secondary to a patent ductus 
arteriosus. 

Video 10.13 High left parasagittal view of the hemiazygos vein to 
left superior vena cava. Modified high left parasagittal view without 
and with color mapping of an interrupted inferior vena cava depict¬ 
ing the arch of the hemiazygos vein as it connects to the left superior 
vena cava. 

Video 10.14 Subcostal long-axis sweep demonstrating a left infe¬ 
rior vena cava to right atrial connection. Subcostal long-axis (trans¬ 
verse) sweep with color mapping of a left inferior vena cava that 
crosses in front of the descending aorta before draining into the 
right atrium. 

Video 10.15 Subcostal short-axis sweep of an inferior vena cava 
with biatrial connection. Subcostal short-axis (sagittal) sweep of an 
inferior vena cava with biatrial connection (atrial septal defect that 
is confluent with the inferior vena cava). 

Video 10.16 Supasternal short-axis sweep showing separate hep¬ 
atic venous connections. Suprasternal short-axis color compare 
sweep showing separate hepatic venous connections to a common 
atrium and infra-diaphragmatic total anomalous pulmonary venous 
return in a patient with heterotaxy syndrome. 

Video 10.17 Suprasternal short-axis view demonstrating a 
retroaortic innominate vein. Suprasternal short-axis view with 
color mapping of a retroaortic innominate vein as it courses inferior 
of the transverse aortic arch to the right superior vena cava. 

Video 10.18 Magnetic resonance 3D reconstruction of an absent 
left innominate vein. Magnetic resonance 3D reconstruction of an 
absent left innominate vein; the left head and neck vessels drain into 
the hemiazygos vein which, in turn, connects to the azygos vein 
below the diaphragm with subsequent drainage via the azygos vein 
into the right superior vena cava. Source: Dr. Tal Geva from Chil¬ 
drens Hospital Boston, MA, USA. Reproduced with permission of 
Dr. Geva. 
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Anomalies of the Atrial Septum 
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Definition 

Defects that allow interatrial communication can result from 
openings in the atrial septum (defined as atrial septal defect , 
or ASD), or from defects in the sinus venosus component of 
the atria (defined as sinus venosus defect ), or in the tissue that 
separates the coronary sinus from the left atrium (defined as 
coronary sinus defect). Patent foramen ovale is an interatrial 
communication that exists normally in the fetus and in most 
newborns, but because of its clinical importance in certain con¬ 
genital heart defects and in older patients with paradoxical 
emboli and stroke, it is discussed in this chapter. Atrial sep¬ 
tal defects are further classified into secundum and primum 
defects. Ostium primum atrial septal defect - a defect that results 
from abnormal formation of the embryonic endocardial cush¬ 
ions - is discussed in Chapter 15. 

Incidence 

Defects of the atrial septum comprise the third most common 
type of congenital heart disease, with an estimated incidence 
of 56 per 100,000 live births [1]. This estimate represents the 
median incidence based on analysis of 43 published articles 
spanning many decades. With improved recognition of clinically 
silent defects by echocardiography, recent estimates are approx¬ 
imately 100 per 100,000 live birth live births [2]. 

Etiology 

Most cases of secundum ASD are sporadic; however, several 
investigators reported familial clusters with different modes of 
inheritance as well as an association with conduction defects. 
Examples include mutations in the cardiac transcription fac¬ 
tor gene NKX2.5 [3-5], mutations in the GATA4 gene [6,7], 
a mutation in the myosin heavy chain 6 gene located on chro¬ 
mosome 14ql2 [8], as well as several other mutations [9-11]. 


Secundum ASD is also frequently associated with genetic syn¬ 
dromes such as Holt-Oram, Noonan, Down, Budd-Chiari, and 
Jarcho-Levine, to mention just a few [12-19]. 

Morphology and classification 
Developmental considerations 

The classification of interatrial communications is based on 
understanding of atrial septation and the relationships between 
the pulmonary veins, the systemic veins, and the atria. Atrial 
septation involves the following structures: 

• septum primum 

• septum secundum 

• atrioventricular (AV) canal septum 

• sinus venosus 

• coronary sinus. 

Detailed description of atrial septation can be found in sev¬ 
eral publications [20-23]. Briefly, septum primum - the first sep¬ 
tum to appear in the developing atria at approximately 28 days 
of development - grows as a crescent-shaped structure toward 
the developing endocardial cushions (Figure 11.1a). Its leading 
edge is covered by a layer of mesenchymal cells (mesenchymal 
cap) [23]. The space between the developing septum primum 
and the closing endocardial cushions is termed foramen pri¬ 
mum or the primary foramen. Septum secundum, also called 
the limbus of the fossa ovalis , is a crescent-shaped muscular 
infolding of the atria wall that develops to the right of sep¬ 
tum primum (Figure 11.1b). Foramen primum closes as a result 
of fusion between the mesenchymal cap of septum primum 
and the now fused superior and inferior endocardial cushions 
(Figure 11.1c). Foramina secundi (secondary foramina) form at 
the same time as coalescing fenestrations within septum primum 
(Figure ll.lb,c). 

The AV canal septum is formed, at least in part, by the supe¬ 
rior and inferior endocardial cushions and contributes to sep¬ 
tation of the outlet portion of the atria and the inlet portion of 
the ventricles (Figure 11.1). Normal development of the atrial 
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28 days 



(b) 


35 days 



Sep 2° 


(c) 


60 days 


Figure 11.1 Diagram showing development of the atrial septum, (a) At 28 days after gestation, septum primum (Sep 1°) develops as a crescent-shape 
structure with a layer of mesenchymal cells at the leading edge (red color). The space between the developing septum primum and the developing 
endocardial cushions is called foramen primum or ostium primum. Septum secundum (Sep 2°) appears shortly thereafter to the right of septum 
primum. (b) At 35 days, both septum primum and septum secundum continue to develop. The openings within septum primum are called foramina 
secundi. (c) At 60 days, the atrial septum is nearly fully formed and the foramina secundi close by way of coalescing fenestrations within septum primum. 
The foramen ovale remains patent throughout pregnancy. CPV, common pulmonary vein; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; LVV, 
left venous valve; RA, right atrium; RV, right ventricle; RVV, right venous valve; SVC, superior vena cava. 


septum results in formation of the fossa ovalis, which includes 
two anatomic elements: (i) muscular boundaries contributed 
by septum secundum ; and (ii) the valve of the fossa ovalis, 
which attaches on the left atrial (LA) aspect of the septum - 
septum primum. The atrial component of the AV canal sep¬ 
tum lies anterior and inferior to the fossa ovalis, separating it 
from the tricuspid and mitral valve annuli - the AV canal sep¬ 
tum (Figure 11.2). The tissue that separates the right pulmonary 
veins from the superior vena cava (SVC) and from the posterior 
and inferior aspects of the right atrial (RA) free wall is termed 
sinus venosus [24-26]. The tissue that separates the coro¬ 
nary sinus from the left atrium (LA) is termed coronary sinus 
septum [27]. 

Anatomy 

Patent foramen ovale (PFO) 

This is the space between a well-developed (valve-competent) 
septum primum and a normally formed septum secundum 
(Figure 11.3). PFO is a normal interatrial communication dur¬ 
ing fetal life, characterized by streaming of flow from the duc¬ 
tus venosus and, to a lesser extent, from the inferior vena cava, 
through the foramen ovale to the LA (Figure 11.4a; Video 11.1). 
After birth, LA pressure normally exceeds RA pressure and, as a 
result, septum primum apposes septum secundum (the superior 
limbic band of the fossa ovalis) and the foramen ovale narrows 
(Figure 11.4b; Videos 11.2 and 11.3). A PFO is seen in almost 
all newborns, but its frequency decreases with advancing age 


[28-30]. Complete anatomic closure of the foramen ovale occurs 
in 70-75% of adults [31]. 

Secundum ASD 

This is a defect within the fossa ovalis, usually due to a single 
or multiple defects within septum primum (Figure 11.5). Sep¬ 
tum secundum is usually well formed. Most secundum ASDs 
are not confluent with the venae cavae, right pulmonary veins, 
coronary sinus, or the AV valves. With the exception of PFO, 
secundum ASD is the most common cause of an atrial-level 
shunt. The size of secundum ASDs varies from several mil¬ 
limeters to 2-3 centimeters. Large defects are usually associ¬ 
ated with marked deficiency, or even complete absence, of sep¬ 
tum primum. Rarely, a secundum ASD results from deficiency 
of septum secundum (the muscular limb of the fossa ovalis). 
In such cases, the superior border of the defect can reach the 
SVC-RA junction (“high” secundum defect) but, in contrast 
to a sinus venosus defect, does not involve the right upper 
pulmonary vein. 

Primum ASD 

Primum ASD is an endocardial cushion defect with an interatrial 
communication located between the anterior-inferior margin of 
the fossa ovalis and the AV valves. It is considered a form of par¬ 
tial AV canal defect with two separate AV valve annuli and no 
ventricular septal defect of the AV canal type (Figure 11.1 and 
Chapter 15). 
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(c) 

Figure 11.2 Diagram showing the anatomy of the atrial septum and neighboring structures, (a) Right atrial aspect; (b) left atrial aspect; (c) 
echocardiographic view. Ao, aorta; CS, coronary sinus; CT, crista terminalis; EV, Eustachian valve; FO, foramen ovale; IVC, inferior vena cava; LAA, left 
atrial appendage; PA, (main) pulmonary artery; RAA, right atrial appendage; RLPV, right lower pulmonary vein; RUPV, right upper pulmonary vein; SLB, 
superior limbic band (septum secundum); SP, septum primum; SVC, superior vena cava; TBV, Thebesian valve. 



Sinus venosus defect (SVD) 

This is a communication between one or more of the right 
pulmonary veins and the cardiac end of the SVC and/or the 
posterior-inferior wall of the right atrium (RA) (Figure 11.5) 
[24,26]. SVDs comprise approximately 4-11% of ASDs [32]. 
From an anatomic standpoint, SVD is not an atrial septal defect 
because it does not allow direct communication between the 
left and right atria. Instead, the interatrial communication is 
through one or more systemic and pulmonary veins. The most 
common location of a SVD (approximately 87% [24]) is between 
the right upper pulmonary vein and the superior vena cava, 
below the insertion of the azygos vein (SVC-type SVD). The 
defect results from partial or complete absence of the sinus 


venosus tissue that separates the anterior aspect of the right 
upper pulmonary vein from the posterior wall of the SVC 
[24,25]. The deficiency of the sinus venosus tissue can extend 
peripherally to involve secondary branches of the right pul¬ 
monary veins, resulting in drainage of several pulmonary veins 
to the SVC. The LA orifice of the right upper pulmonary vein 
is usually widely patent, allowing for a communication between 
the LA and the cardiac end of the SVC. The combination of an 
interatrial shunt through the LA orifice of the right upper pul¬ 
monary vein (LA-to-SVC-to-RA) and drainage of right upper 
pulmonary vein blood to the RA through the SVC typically 
result in a large left-to-right shunt and marked right ventricu¬ 
lar volume overload [33]. 
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Figure 11.3 Diagram of atrial septal components showing patent foramen 
ovale (PFO) (arrow). AVS, atrioventricular septum; FO, foramen ovale; 
ILB, inferior limbic band; LA, left atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle; Sept. 1°, septum primum; SLB, superior limbic 
band (septum secundum). 


Less frequently, the defect also involves the right lower and/or 
middle pulmonary veins and the middle or inferior aspects of 
the RA (Figure 11.6). This type of sinus venosus defect has been 
called IVC-type although direct involvement of the inferior vena 
cava is extremely rare. For that reason, the term sinus venosus 
defect of the right atrial type is preferred [24]. In the study 
of Banka et al. [26], RA-type SVD accounted for 1.2% of cases 
with an isolated interatrial communication. Anatomic charac¬ 
teristics of RA-type SVD include (i) posterior and/or inferior 
defect confluent with the posterior wall of the atria with no pos¬ 
terior and/or inferior rim; (ii) confluence of the defect with the 
right pulmonary veins(s) or with the IVC-RA junction; and (iii) 



Sinus 

venosus 

defect 


ASD 1° 


ASD 2° 


Figure 11.5 Diagram showing types of interatrial communications. ASD 
1°, primum atrial septal defect; ASD 2°, secundum atrial septal defect. 


presence of a well-developed septum primum covering the fossa 
ovale (Figure 11.6) [26]. Rarely, both SVC- and RA-types coex¬ 
ist, resulting in drainage of all right pulmonary veins draining to 
the right heart. This should be distinguished from leftward mal¬ 
position of septum primum resulting in anomalous drainage of 
the right pulmonary veins to the RA. 

It is important to recognize that although the right pulmonary 
veins in SVD almost always drain anomalously, their anatomic 
connections with the LA are usually normal, through their native 
orifices. In the rare circumstance when the LA orifice of the 
right upper pulmonary vein is atretic, there is no interatrial 
communication and the anatomic appearance is that of partially 
anomalous pulmonary venous connection of the right upper 
pulmonary vein to the SVC. 



(a) (b) 

Figure 11.4 Patent foramen ovale, (a) Fetal echocardiogram at 18 weeks’ gestation showing right-to-left flow from the ductus venosus to the left atrium 
(LA) through a patent foramen ovale (PFO). (b) Patent foramen ovale with left-to-right flow (arrow) in a newborn. LA, left atrium; RA, right atrium; RV, 
right ventricle; RYOT, right ventricular outflow tract. 
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Figure 11.6 Echocardiographic 2D and color 
Doppler images in a subcostal long-axis plane 
(top) show the typical appearance of a RA-type 
SVD (star). Imaging in the subcostal short-axis 
plane (bottom) demonstrates an intact fossa 
ovalis and septum primum (arrow) in the same 
patient. CS, coronary sinus; LA, left atrium; RA, 
right atrium; RLPV, right lower pulmonary 
vein. Source: Banka et al. 2011 [26]. 

Reproduced with permission of Elsevier. 



Coronary sinus defect 

This is an uncommon anomaly that results from partial or 
complete unroofing of the tissue separating the coronary sinus 
from the LA, allowing the right and left atria to communi¬ 
cate through the defect and the coronary sinus orifice (Fig¬ 
ure 11.7). The orifice of the coronary sinus in this anomaly 
is usually large as a result of the left-to-right shunt, result¬ 
ing in a sizeable defect in the inferior aspect of the atrial 
septum near the entry of the inferior vena cava. The asso¬ 
ciation of a coronary sinus septal defect and persistent left 
superior vena cava is termed Raghib syndrome [34]. When 


the coronary sinus is completely unroofed, the left superior vena 
cava enters the left superior corner of the LA, anterior to the ori¬ 
fice of the left upper pulmonary vein and posterior to the LA 
appendage. 

Common atrium 

Common atrium is present when septum primum, septum 
secundum, and the AV canal septum are absent (usually in 
patients with heterotaxy syndrome). Remnants of atrial septal 
tissue can sometime be recognized in these patients, such as 
a fibromuscular strand that crosses the inferior aspect of the 


Figure 11.7 Diagram of coronary sinus septal 
defect, (a) Small coronary sinus septal defect 
associated with left superior vena cava-to-coronary 
sinus, (b) Unroofed coronary sinus associated with 
left superior vena cava (Raghib syndrome). Note 
the large interatrial communication through the 
coronary sinus ostium. IVC, inferior vena cava; LV, 
left ventricle; RV, right ventricle; SVC, superior 
vena cava. 
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common atrium (inferior limbic band of the fossa ovalis) or rem¬ 
nants of venous valve tissue. 


Pathophysiology 

Regardless of the specific anatomic type and assuming no AV 
valve stenosis or hypoplasia, the amount of shunting through 
an interatrial communication is determined by the defect size 
and relative compliance of the right and left ventricles. Over 
the first few months of life, right ventricular compliance typi¬ 
cally rises leading to an increasing left-to-right shunt. In adults, 
left ventricular compliance normally decreases, further aug¬ 
menting the left-to-right flow. Shunt flow through the right 
heart and lungs leads to dilation of the RA, right ventricle, 
pulmonary arteries, and pulmonary veins. Most young chil¬ 
dren tolerate this increased pulmonary blood flow well and are 
asymptomatic; a few develop dyspnea or growth failure [35,36]. 
Defects in this age group are typically detected after auscul¬ 
tation of a heart murmur or incidentally when a chest radio¬ 
gram, an electrocardiogram, or an echocardiogram is obtained 
for other indications. The risk of pulmonary arterial hyper¬ 
tension increases with age and up to 5-10% of patients with 
significant left-to-right shunts may develop pulmonary vascu¬ 
lar disease by adulthood [37]. Adults with unrepaired ASDs 
are also at risk for exercise intolerance, atrial arrhythmias, and 
paradoxical emboli [38,39]. Small secundum ASDs (<5 mm) 
may close spontaneously or become smaller in the first few 
years of life; thereafter, defects tend to become larger with time 
[40,41]. By contrast, primum ASDs, sinus venosus septal defects, 
and coronary sinus septal defects almost never become smaller 
with time. 


Imaging 

The atrial septum is imaged from multiple acoustic windows, 
including the subcostal, apical, left parasternal, and high right 
parasternal. Two-dimensional (2D) and three-dimensional (3D) 
imaging as well as color and spectral Doppler techniques are 
used in concert for comprehensive evaluation of the fossa ovalis, 
sinus venosus, and coronary sinus. If a defect is seen from one 
acoustic window, its presence must be confirmed from other 
windows. Transesophageal echocardiography (TEE) - often 
used during surgical and transcatheter closure of ASDs (see 
later) - is also performed as a diagnostic procedure in patients 
with sub optimal transthoracic windows and inconclusive diag¬ 
nosis. In such cases, cardiac magnetic resonance imaging (MRI) 
can be considered as a noninvasive alternative [33,42,43]. Con¬ 
trast echocardiography is another helpful technique in certain 
patients [e.g., poor acoustic windows, diagnosis of left superior 
vena cava associated with coronary sinus septal defect (Raghib 
syndrome)] [44]. 


Key elements 

Preoperative examination 

In all cases, complete anatomic and functional examination 
by 2D and 3D imaging, as appropriate, and by color and 
spectral Doppler. In addition, the following elements of car¬ 
diovascular anatomy and function should be evaluated in 
detail: 

• Atrial septal imaging: subcostal short-axis, long-axis, and in- 
between views; apical 4-chamber view; parasternal short-axis 
view; right sternal border. When feasible, 3D imaging with en 
face views of the atrial septum from the perspectives of the RA 
and LA. 

• Size, location, and number of defects by imaging and color 
Doppler 

■ Measurement of defect(s) diameter from all views 

■ Measurement of septal rims and total atrial septal length: 

- Superior and inferior rims from subcostal and right 
sternal border bicaval views; anterior (retroaor- 
tic) and posterior rims from parasternal short-axis 
views; 

- Total septal length from subcostal in-between and short- 
axis (bicaval) view, right sternal border bicaval view, and 
apical 4-chamber view. 

• ASD flow by color Doppler all views. 

• In views with acceptable interrogation angle, assess ASD flow 
with spectral Doppler. Measure mean transseptal pressure gra¬ 
dient if high-velocity flow is noted. 

• Visualization of pulmonary venous return, including high 
right parasternal window (long- and short-axis) to rule out 
accessory connections to the SVC. Exclude partially anoma¬ 
lous pulmonary venous connection to a systemic vein. 

• Estimation of right ventricular pressure by tricuspid regurgita¬ 
tion and pulmonary regurgitation jet velocities and by systolic 
ventricular septal configuration (Chapter 45). 

• Evaluation of right ventricular size and function with partic¬ 
ular attention to evidence of dilatation and volume overload 
(Chapter 7). 

Postoperative and postdevice examination 

• Imaging of the atrial septum from multiple planes for evalua¬ 
tion of patch position. 

• Rule-out residual ASD by color Doppler from multiple acous¬ 
tic windows. 

• After device closure of ASD, evaluate device position with par¬ 
ticular attention to visualization of the left and RA arms or 
disks. 

• Rule-out impingement of the device on neighboring struc¬ 
tures, including systemic and pulmonary veins, AV valves, and 
aortic root. 

• Rule-out intracardiac thrombus or vegetation with particular 
attention to the ASD patch or device. 

• Estimation of right ventricular pressure by tricuspid regurgita¬ 
tion and pulmonary regurgitation jet velocities and by systolic 
ventricular septal configuration (Chapter 45). 
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Figure 11.8 Imaging of secundum ASD from the subxiphoid window: (a) Long-axis view showing 2D and color Doppler flow mapping. The arrow points 
to the secundum atrial septal defect, (b) Short-axis view. The asterisk indicates secundum atrial septal defect; arrow denotes superior limbic band (septum 
secundum), (c) Real-time 3D imaging (right atrial view) showing a large secundum ASD associated with deficient septum primum (asterisk). LA, left 
atrium; RA, right atrium; RPA, right pulmonary artery; SLB, superior limbic band; SVC, superior vena cava 


• Evaluation of right ventricular size and function with partic¬ 
ular attention to evidence of dilatation and volume overload 
(Chapter 7). 

Imaging of secundum ASDs 

The subcostal acoustic window is ideally suited for evaluation 
of the fossa ovalis because the normally oriented septum is rela¬ 
tively echo-reflective from that position (Figure 11.8). This min¬ 
imizes the likelihood of false dropout of acoustic signals, which 
can lead to erroneous diagnosis of an ASD. Imaging is performed 
in the long- and short-axis views and the use of “in-between” 
transducer angle is encouraged. A secundum ASD is seen as a 
defect within the fossa ovalis, confirmed by evidence of transsep- 
tal flow by color Doppler (Figure 11.8a-d; Video 11.4). In the 
subcostal long-axis view, a secundum ASD is not contiguous 
with the posterior RA free wall or with the right pulmonary 
veins. Such findings are suggestive of a SVD of the RA type. 
In the subcostal short-axis view, the superior limbic band of 
the fossa ovalis separates a secundum ASD from the SVC and 


the right upper pulmonary vein. The subcostal short-axis view 
is also optimal for assessment of right ventricular volume load 
(right ventricular enlargement and diastolic septal flattening) 
and right ventricular hypertension (systolic septal flattening). 

The apical window is not ideally suited for evaluation of the 
fossa ovalis due to risk of false dropout of acoustic signal as a 
result of the parallel orientation of the ultrasound beam rela¬ 
tive to the atrial septum. However, this view is helpful for mea¬ 
surement of the tricuspid regurgitation jet velocity for estima¬ 
tion of right ventricular systolic pressure. The apical window 
is also helpful for detection of acoustic signals during a con¬ 
trast echocardiogram (Figure 11.9). The imager is looking for 
the appearance of acoustic reflective signals (“bubbles”) in the 
LA and left ventricle (representing right-to-left flow) or a nega¬ 
tive jet effect in the RA representing left-to-right flow. 

The parasternal window is helpful, especially in the short- 
axis plane, for imaging of the atrial septum. A low left paraster¬ 
nal short-axis view can often provide adequate imaging of 
the atrial septum, even in patients with suboptimal subcostal 
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Figure 11.9 Contrast echocardiogram in a patient with secundum ASD. 
During a Valsalva maneuver, contrast crosses the atrial septum and appears 
in the left heart. 


windows (Figure 11.10). This view is helpful for measurement 
of the antero-posterior diameter of the defect. The presence or 
absence of right ventricular volume and pressure loads is also 
evaluated from the parasternal short-axis view. 

The high right parasternal window is also ideally suited for 
assessment of the fossa ovalis and the superior sinus venosus area 
as a result of the perpendicular orientation of these structures 


relative to the ultrasound beam. Placing the patient in the right 
lateral decubitus position facilitates imaging from this acoustic 
window. 

Three-dimensional imaging provides en face views of the 
defect from the perspectives of the right and left atria 
(Figure 11.8d; Video 11.5). These views provide enhanced 
depth perception of the ASD and its relation to neigh¬ 
boring structures. It also demonstrates the dynamic nature 
of the defects size throughout the cardiac cycle. Although 
restricted acoustic windows hinder transthoracic 3D imag¬ 
ing of the atrial septum in some patients, transesophageal 
echocardiography usually provides excellent 3D image qual¬ 
ity in patients who can accommodate a 3D transesophageal 
probe. 

Imaging of sinus venosus defects 

SVC-type SVD is seen best from the subcostal short-axis and 
high right parasternal views as a communication between the 
right upper corner of the LA at the usual location of the right 
upper pulmonary vein and the SVC just above its RA junction 
(Figure 11.11; Videos 11.6, 11.7, and 11.8). The cross-section of 
the right pulmonary artery is seen in these views as an oval¬ 
shaped vessel crossing just above the defect, behind the SVC. 
Color-coded Doppler flow mapping shows flow from the LA 
through the SVC to the RA and confirms the pulsatile nature of 
the flow in the right pulmonary artery. Imaging in the transverse 
plane of the chest from either left or right parasternal windows 
at the level of the cardiac end of the SVC is helpful in showing 
the unroofed sinus venosus septum, seen as absence of the tis¬ 
sue separating the right upper pulmonary vein from the SVC 
(Figure 11.12; Video 11.9). This view also shows the communi¬ 
cation between the LA and the SVC, the site of the LA orifice 
of the right upper pulmonary vein. Evaluation of the hemody¬ 
namic burden associated with SVD defect is similar to that of 
secundum ASD. 



Figure 11.10 Imaging of secundum ASD from 
the parasternal short-axis view. Left panel 
depicts a 2D image of the defect (*). The right 
panel shows flow from the left atrium to the 
right atrium through the defect. 
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Figure 11.11 Imaging of superior vena cava (SVC)-type sinus venosus defect, (a) Imaging from the subxiphoid short-axis view. Note the location of the 
defect (*) cranial to the superior limbic band of the fossa ovalis and its communication with the cardiac end of the superior vena cava (SVC). Blood flows 
from the left atrium (LA) to the SVC through the left atrial orifice of the right upper pulmonary vein and sinus venosus defect. Note the absence of direct 
interatrial communication; hence, sinus venosus defect is NOT an atrial septal defect, (b) Imaging from the subxiphoid long-axis view. The arrowhead 
points to the fossa ovalis, which is covered by septum primum. The full arrow points to the superior limbic band of the fossa ovalis. Note the interatrial 
communication (*) via the enlarged left atrial orifice of the right upper pulmonary vein (RUPV). (c) Imaging from the high right parasternal view. Note 
the location of the defect (*) just below the right pulmonary artery (RPA). RA, right atrium. 


Right atrial-type SVD is seen best from the subxiphoid long- 
axis and from the parasternal short-axis views, appearing as 
a posterior-inferior atrial defect with no posterior margins 
(Figure 11.13; Video 11.10). The defect is flushed with the 
posterior-inferior atrial free wall, may involve the atrial orifices 


of the right lower and middle pulmonary veins, or may be infe¬ 
rior to the right pulmonary veins and above the IVC-RA junc¬ 
tion. In some cases the defect results in drainage of the right mid¬ 
dle and lower pulmonary veins to the RA. The fossa ovalis is not 
involved in the defect. 
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Figure 11.12 Imaging of superior vena cava-type sinus venosus defect from 
the parasternal short-axis view. The arrowheads mark the margins of the 
defect, which results from deficiency in the tissue that separates the 
posterior wall of the superior vena cava (SVC) from the anterior wall of the 
right upper pulmonary vein (RUPV). Flow from the left atrium into the 
superior vena cava (and then to the right atrium) is through the left atrial 
orifice of the right upper pulmonary vein (RUPV). Ao, ascending aorta; 
LLPV, left lower pulmonary vein; RLPV, right lower pulmonary vein; 
RMPV, left middle pulmonary vein. 



Figure 11.14 Coronary sinus septal defect. Blood flows from the left 
atrium (LA) through the unroofed coronary sinus into the right atrium 
(RA) through the enlarged coronary sinus ostium. Note the 
inferior-posterior location of the coronary sinus ostium and its relation to 
the intact fossa ovalis (FO). 

Imaging of coronary sinus defects 

The diagnosis of a coronary sinus septal defect is often first sus¬ 
pected in a patient with ASD physiology and an enlarged coro¬ 
nary sinus ostium (Figure 11.14; Video 11.11). The dilated coro¬ 
nary sinus ostium is seen as an inferior interatrial communica¬ 
tion, just above and slightly anterior to the IVC-RA junction. 
The defect might be confused with an ostium primum ASD, 



Figure 11.13 Right atrial-type sinus venosus 
defect. Subxiphoid long-axis view showing a 
large defect between the posterior wall of the 
right atrium (RA) and the anterior wall of the 
right lower pulmonary vein (RLPV). The 
interatrial communication (arrowheads) is via 
the left atrial (LA) orifice of the right lower 
pulmonary vein. This illustrates anomalous 
drainage of the RLPV to the RA but with 
normal connection. Note the flow from the 
right lower pulmonary vein and from the left 
atrium to the right atrium. 
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except for the intact anterior mitral leaflet and absence of other 
features of AV canal defect. Once the enlarged coronary sinus 
ostium is recognized, the coronary sinus is imaged in detail from 
multiple views. Absence of a visible coronary sinus indicates 
complete lack of sinoatrial septal tissue (the wall separating the 
coronary sinus from the LA); a condition known as completely 
unroofed coronary sinus. In a partially unroofed coronary sinus, 
part of the sinoatrial septal tissue is seen and the coronary sinus 
is recognizable. The presence or absence of a persistent left supe¬ 
rior vena cava must be ascertained. When present, (Raghib syn¬ 
drome [34]), the LA termination of the left superior vena cava is 
anterior to the left upper pulmonary vein and posterior to the 
LA appendage. Remnants of coronary sinus septum might be 
visualized within the LA at the entrance of the left superior vena 
cava. Injection of agitated saline through an intravenous cannula 
placed in the left arm, while imaging from the apical 4-chamber 
window, demonstrates the appearance of the contrast in the left 
upper corner of the LA with subsequent appearance in the RA. 
Rarely, the ostium of the coronary sinus is stenotic or atretic, in 
which case the interatrial shunt is small or absent and the coro¬ 
nary sinus septal defect allows drainage of cardiac venous return 
directly to the LA. In patients with typical Raghib syndrome, the 
fossa ovalis is usually small and displaced superiorly. An associ¬ 
ated secundum ASD is unusual. 

Prenatal assessment 

Detailed evaluation of the atrial septum is integral to a compre¬ 
hensive fetal echocardiogram. Two-dimensional and Doppler 
(spectral and color flow mapping) ultrasound are used to eval¬ 
uate the anatomic components of the septum - septum primum 
and septum secundum - and the pattern of interatrial blood 
flow. In the normal fetus, oxygenated blood from the placenta 
flows through the umbilical vein to the ductus venosus, stream¬ 
ing through the foramen ovale to the LA. The direction of flow 
is in a caudal-cephalad direction, which is best imaged in the 
sagittal plane of the fetus (Figure 11.4a). A restrictive septum 
or intact atrial septum are important fetal cardiac abnormali¬ 
ties often associated with other congenital heart defects (e.g., 
transposition of the great arteries, hypoplastic left heart syn¬ 
drome, tricuspid atresia) and are discussed in their respective 
chapters. 

Prenatal diagnosis of an atrial septal defect is challenging. In 
contrast to primum ASD, which can be reliably diagnosed in 
most cases, the diagnosis of a secundum ASD is less reliable, 
especially in the absence of associated congenital heart defects. 
For example, Driggers et al. found that the agreement between 
pre- and postnatal echocardiograms for diagnosing secundum 
ASDs was only modest (kappa = 0.6) [45]. This known limita¬ 
tion of fetal echocardiography is due to the difficulty in distin¬ 
guishing small-moderate secundum ASDs from the normal flow 
through a patent foramen ovale. With regard to prenatal diag¬ 
nosis of sinus venosus or coronary sinus septal defects, the data 
published to date are scant. However, it is worth noting that the 
study of Driggers and colleagues demonstrated a weak ability to 


diagnose partially anomalous pulmonary venous connections by 
fetal echocardiography [45]. 

Imaging of the adult 

The main challenge in the evaluation of the atrial septum in 
the adult is technical, relating to difficulties in obtaining clear 
images and Doppler signals from subcostal or transthoracic 
acoustic windows. The ability of transthoracic echocardiogra¬ 
phy (TTE) to diagnose sinus venosus defect in adults is even 
poorer with only one in four cases correctly diagnosed [46]. 
Enlargement of right heart chambers associated with flatten¬ 
ing of the interventricular septum during diastole indicative 
of right ventricular volume overload should prompt suspicion 
of atrial-level shunting. Therefore, when clinical, electrocardio¬ 
graphic, radiographic, and/or echocardiographic evidence sug¬ 
gests an intracardiac shunt and TTE is inconclusive, further eval¬ 
uation is warranted. Transesophageal echocardiography (TEE) 
provides an excellent alternative to transthoracic imaging, allow¬ 
ing for clear imaging of the fossa ovalis, sinus venosus septum, 
cardiac ends of the pulmonary veins, and the coronary sinus 
[46-57]. Cardiac MRI provides a noninvasive alternative to TEE 
in adults with suspected ASDs, allowing clear visualization of 
the anatomic elements of the atrial septum as well as accurate 
quantification of right ventricular size and function and the ratio 
of pulmonary-to-systemic flow [33,58-60]. Advantages of MRI 
over TEE include avoidance of sedation or anesthesia, which is 
required for TEE, visualization of extracardiac anatomy (e.g., 
systemic and pulmonary veins), and hemodynamic assessment 
of the right heart volume load. The advantage of TEE over MRI 
is its superior spatial resolution allowing it to clearly visualize 
small secundum ASDs and to evaluate the presence of absence 
ofaPFO. 

Echocardiographic guidance of transcatheter 
ASD closure 

The limited ability of X-ray fluoroscopy to image the atrial 
septum renders echocardiographic guidance essential for tran¬ 
scatheter closure of secundum ASD and PFO. Transesophageal 
echocardiography has been used to guide transcatheter device 
placement since the 1980s [49,61-63]. Technological advances, 
including miniaturization and development of high-resolution 
multiplane and 3D probes, have greatly enhanced the clinical 
utility of TEE in patients with congenital heart disease. More 
recently, intracardiac echocardiography (ICE) has been advo¬ 
cated as an alternative to TEE (Figure 11.15; Videos 11.12 and 
11.13) [64-70]. Although extensive experience with TEE dur¬ 
ing transcatheter closure of ASDs has demonstrated its useful¬ 
ness [49], the procedure is usually performed under general 
anesthesia with endotracheal intubation to protect the airways 
and to provide adequate ventilation. An expert echocardiog- 
rapher usually performs imaging, and this adds to the cost 
and personnel associated with the procedure. Although, ICE 
requires the use of an expensive disposable imaging catheter, 
which increases the cost of the procedure, the catheterization 
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Figure 11.15 Intracardiac echocardiographic imaging of secundum ASD. (a) The arrowheads point to the margins of the defect. The white arrow points to 
septum primum. (b) Color Doppler flow mapping showing flow from the left atrium to the right atrium, (c) After deployment of an atrial septal defect 
occluding device, no left-to-right flow is seen. LA, left atrium; RA, right atrium. 


team can perform imaging. In a study that compared the hospital 
charges and costs of 20 TEE-guided ASD closures with 20 ICE- 
guided procedures, Alboliras and Hijazi found that on average, 
ICE was more expensive than TEE [71]. Therefore, the choice 
of transesophageal versus intracardiac echocardiographic guid¬ 
ance of transcatheter closure of ASDs depends on institutional 
experience, availability of resources (e.g., anesthesia support and 
expert echocardiographers), and future technological advances 
(e.g., miniaturization of real-time 3D imaging probes). 

Echocardiographic support for transcatheter ASD or PFO clo¬ 
sure can be divided into three phases - before, during, and after 
device deployment. 

1 Before device deployment: Imaging of the location and size of 
the defect(s) and its relationships with neighboring structures, 
including the AV valves, venae cavae, and right pulmonary 
veins (Figure 11.16). Identification of multiple defects is 


particularly important for planning the procedure. The mar¬ 
gins (rims) of the defect are measured as well as the total sep¬ 
tal length. Many centers also measure the stretched diame¬ 
ter of the defect based on echocardiographic and fluoroscopic 
measurements of a balloon inflated across the defect (Figure 
11.17). Color and spectral Doppler are used to evaluate the 
transseptal shunt. The pulmonary veins are imaged to exclude 
partially anomalous pulmonary venous connection and the 
degree of AV valve regurgitation is evaluated as baseline for 
comparison after device deployment. In patients with associ¬ 
ated congenital heart disease, a comprehensive TEE is recom¬ 
mended before device deployment. 

2 During device deployment: First, the course and position of 
the sheath are ascertained. Next, the LA arms or disc are 
released. The catheter and device are then retracted to approx¬ 
imate the LA arms/disc against the LA septal surface with 
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Figure 11.16 Transesophageal echocardiographic imaging of secundum atrial septal defect, (a) Horizontal plane image showing a moderate-sized 
secundum atrial septal defect (arrow). Note the retroaortic (Ao) location of the defect, (b) Color Doppler flow mapping showing flow from the left atrium 
(LA) to the right atrium (RA). (c) Vertical plane image showing the superior-inferior dimension of the secundum defect (arrow). I VC, inferior vena cava; 
SVC, superior vena cava. 


particular attention to the orientation of the device relative 
to the atrial septal plane (Figure 11.18a). Once the device 
is in proper position, the RA arms/disc are released (Fig¬ 
ure 11.18b). Again, proper position is ascertained before the 
device is released (Figure 11.18c; Video 11.14). 

3 After deployment: Imaging aims to evaluate the proper and 
stable device position across the atrial septum, the pres¬ 
ence, location, and extent of residual transseptal flow, device 
impingement on neighboring structures (SVC, IVC, coronary 
sinus, pulmonary veins, or AV valves), and any adverse change 
that might be related to the procedure. 


Key to a successful procedure is effective communication 
between the imaging, catheterization, and anesthesia teams. 
The echocardiographic images should be clearly available to 
the catheterization team, preferably through a dedicated high- 
resolution screen mounted beside the fluoroscopy and the phys¬ 
iologic monitoring screens. 

Intraoperative assessment 

Although intraoperative echocardiography can be used during 
surgical closure of ASD, its utility varies according to defect 
type and associated anomalies. Randolph et al. demonstrated a 
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Figure 11.17 Balloon sizing of secundum atrial septal defect. Ao, aortic 
root; LA, left atrium; RA, right atrium; RV, right ventricle. 


low rate of major findings before and after surgical closure of 
secundum ASD [72]. However, intraoperative TEE is consid¬ 
ered helpful during repair of sinus venosus defects, coronary 
sinus septal anomalies, complex intra-atrial baffles, use of min¬ 
imal access approach, and primum ASD surgery [72-78]. The 
transesophageal approach is generally preferred because it does 
not interfere with the surgical field, provides a wider field of 
view, and often yields superior image quality as compared with 
epicardial imaging. Miniaturization of multiplane TEE probes 
has allowed transesophageal imaging in most infants weighing 
>3 kg. Epicardial imaging should be considered in patients in 
whom TEE is contraindicated or considered hazardous [79], and 
in circumstances where real-time 3D imaging is desirable. Goals 
of the pre-cardiopulmonary bypass examination include confir¬ 
mation of the preoperative diagnosis and refinement of surgical 
planning. After cardiopulmonary bypass, imaging is performed 
to evaluate the integrity of the repair, for the exclusion of resid¬ 
ual lesions, and for functional assessment (e.g., ventricular func¬ 
tion, AV valve regurgitation). An agitated saline contrast study 
through a venous cannula placed in a lower extremity can help 
to exclude inadvertent misplacement of an atrial septal patch 
incorporating the inferior vena cava into the LA, which usually 
results from mistaking a prominent Eustachian valve as the infe¬ 
rior margin of the atrial septum [80]. 

Follow-up assessment 

Continued echocardiographic surveillance is important after 
transcatheter and surgical treatment of all forms of interatrial 
communications. Although residual transseptal shunts are com¬ 
monly seen by TEE or ICE immediately after device deploy¬ 
ment, their frequency decreases substantially over time with 


reports indicating 1-2% residual leaks [81-83]. It is worth not¬ 
ing, however, the lower sensitivity of transthoracic color Doppler 
echocardiography in detecting residual atrial-level shunts as 
compared with TEE or agitated saline contrast studies [84,85]. 
A key element of echocardiographic surveillance after tran¬ 
scatheter closure of ASDs is monitoring of the device for late 
complications, including obstruction of neighboring structures 
[86], fractures and change in device configuration [87], late 
migration or embolization of the device [88,89], thrombus for¬ 
mation [90,91 ], inflammatory reaction leading to abscess forma¬ 
tion or local erosion [92,93], and perforation or rupture of car¬ 
diac structures [94-96]. 

Detailed echocardiographic assessment should be performed 
after surgical repair of ASD to exclude residual shunts, confirm 
remodeling of the right ventricle and resolution of right heart 
volume load, and rule out pericardial effusion in the early post¬ 
operative period. In patients after repair of sinus venosus and 
coronary sinus septal defects, the evaluation also includes assess¬ 
ment of the systemic and pulmonary venous pathways. Assess¬ 
ment of biventricular function and valve function, and noninva- 
sive assessment of right ventricular systolic pressure are integral 
to the echocardiographic follow-up of all patients with repaired 
ASDs, regardless of the closure technique. 

Videos 

To access the videos for this chapter, please go to www.lai 
-echo.com. 

Video 11.1 Imaging of normal flow across a patent foramen ovale 
in an 18-weeks gestation fetus. Note the flow from the ductus veno¬ 
sus through the right atrium and foramen ovale into the left atrium 
(blue-encoded flow jet). 

Video 11.2 Subxiphoid long-axis view showing a patent foramen 
ovale with a small left-right flow in a newborn. 

Video 11.3 Subxiphoid short-axis view showing a patent foramen 
ovale with a small left-right flow jet in a newborn. 

Video 11.4 Subxiphoid long-axis view showing a mo derate-sized 
secundum atrial septal defect due to deficient septum primum. 

Video 11.5 Three-dimensional cine loop showing en face view of a 
secundum atrial septal defect from the right atrium. 

Video 11.6 Cine loop of superior vena cava-type sinus venosus 
defect imaged from the subxiphoid short-axis view. Note the loca¬ 
tion of the defect above the junction between the superior vena cava 
and the right atrium. 

Video 11.7 Cine loop of superior vena cava-type sinus venosus 
defect imaged from the subxiphoid short-axis view with color 
Doppler. 

Video 11.8 Cine loop of superior vena cava-type sinus venosus 
defect imaged from the subxiphoid long-axis view. 
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Figure 11.18 Transesophageal echocardiographic guidance of transcatheter device closure of secundum atrial septal defect: (a) The device (arrow) is 
advanced into the left atrium (LA), (b) The left atrial arms are opened (arrows) and the device is retracted until the arms are flushed against the left atrial 
septal surface, (c) Vertical plane image showing the deployed device with the left and right atrial arms flushed against the atrial septum, (d) Color Doppler 
flow mapping shows a small amount of flow between the arms of the device but no residual atrial septal defect. IVC, inferior vena cava; RA, right atrium. 


Video 11.9 Cine loop of superior vena cava-type sinus venosus 
defect imaged from the high parasternal short-axis (transverse) view 
with color Doppler flow mapping. The defect is between the poste¬ 
rior wall of the superior vena cava and the anterior wall of the right 
upper pulmonary vein. 

Video 11.10 Cine loop of right atrial-type sinus venosus defect 
imaged from the subxiphoid long-axis view. Note large defect 
between the posterior wall of the right atrium and the anterior wall 
of the right lower pulmonary vein. The interatrial communication 


is via the left atrial orifice of the right lower pulmonary vein. This 
illustrates anomalous drainage of the RLPV to the RA but with nor¬ 
mal connection. Note the flow from the right lower pulmonary vein 
and from the left atrium to the right atrium. 

Video 11.11 Cine loop of coronary sinus septal defect with color 
Doppler flow mapping. 

Video 11.12 Intracardiac echocardiogram showing secundum 
atrial septal defect. LA, left atrium; RA, right atrium. 
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Video 11.13 Intracardiac echocardiogram showing color Doppler 
flow mapping through secundum atrial septal defect. LA, left 
atrium; RA, right atrium. 

Video 11.14 Intracardiac echocardiogram showing an occluding 
device across a secundum atrial septal defect. LA, left atrium; RA, 
right atrium. 
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Definition 

A ventricular septal defect (VSD) is defined as a communication 
between the left and right ventricles or between the left ventri¬ 
cle and the right atrium. VSDs are amongst the most common 
abnormalities of the heart. They can be present in isolation or in 
association with other congenital cardiac abnormalities. In fact, 
a VSD is a major component of such abnormalities as tetralogy of 
Fallot, double outlet ventricle, truncus arteriosus, and common 
atrioventricular (AV) canal defect. VSDs are also frequently seen 
in association with transposition of the great arteries and arch 
anomalies. This chapter describes VSDs that occur in the set¬ 
ting of normally related great arteries. VSDs in association with 
conotruncal anomalies are described in other chapters. 

Incidence 

The reported incidence of VSD has varied widely, due at least 
in part to varying diagnostic methodologies and the natural his¬ 
tory of VSD. Large population-based studies provide sufficient 
live births (denominators) at the expense of an inability to detect 
all with congenital heart disease (numerators), whereas inten¬ 
sive, sensitive studies usually cannot be done on very large pop¬ 
ulations [1]. Given the high propensity of VSDs to close sponta¬ 
neously, starting as early as in utero, the incidence of VSD would 
be much higher if all fetuses were examined, somewhat lower 
if all newborns were examined, even lower if only those new¬ 
borns with murmurs were examined, and lower still if subjects 
were first evaluated at 1 year of age [2]. Prior to the wide avail¬ 
ability of echocardiography, the incidence of VSD was reported 
between 30 and 240 per 100,000 births [3-5]. More recently, a 
higher incidence of VSD has been reported, particularly in pre¬ 
mature infants [6-10]. Utilizing screening echocardiography in 
neonates, a muscular ventricular septal defect was diagnosed in 
5320 and 5660 per 100,000 term and preterm babies, respectively 
[8,9]. Groups reporting a high incidence have also reported high 
rates of spontaneous closure of these defects. The perceived 


increase in the incidence of VSD may be due to increased sen¬ 
sitivity of perinatal and neonatal surveillance rather than to a 
true increase in incidence. Between 10,000 and 11,000 infants 
with an isolated VSD are diagnosed annually in the United 
States [5,11,12]. Between 15% and 20% of these patients require 
surgery [13]. If VSD in association with other congenital heart 
anomalies were included, the incidence of VSD would be much 
higher. 

Etiology 

Like other congenital heart defects, the etiology of VSD is mul¬ 
tifactorial. Moreover, different types of VSDs likely arise from 
different developmental abnormalities. VSDs are quite preva¬ 
lent in association with genetic syndromes, especially in trisomy 
13, 18, or 21 as well as other less common syndromes [14-16]. 
In the autosomal dominant Holt-Oram syndrome, both atrial 
and ventricular septal defects are inherited in association with 
limb deformities as a result of mutations in the gene encoding 
the transcription factor TBX5 [17]. The Baltimore-Washington 
Infant Study has reported an association between paternal use of 
marijuana and cocaine and paternal occupation such as jewelry 
making and paint stripping with the occurrence of VSDs in their 
offspring [18,19]. 

Morphology and classification 
Development 

Detailed description of the development of the human heart is 
provided elsewhere [20-31]. Septation of the ventricles involves 
a complex series of events. The transitional zone between the 
embryonic left and right ventricles (LV and RV) is character¬ 
ized by the expression of “neuromuscular” markers, and forms 
a ring around the primary interventricular foramen, termed the 
“primary ring” [26,32-34]. This ring separates the upstream por¬ 
tion (the atrium and LV) from the downstream portion (the RV 
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Table 12.1 Glossary of terms used to describe 
ventricular septal defects 


and outflow tract) of the heart. Myocardialization and fusion 
of the endocardial cushions in the outflow tract (outflow-tract 
ridges) leads to the formation of a muscular outlet (or conal) 
septum [35]. The muscular interventricular septum is formed 
from three components: (i) the primary, or trabecular, compo¬ 
nent that arises from the septum separating the trabeculated cav¬ 
ities of the developing RV and LV and becomes the muscular 
septum; (ii) the AV canal or inlet component that develops from 
the AV cushions; and (iii) the conal septum or outlet portion that 
develops from the outflow-tract ridges. The muscular septum is 
identifiable between the trabecular portions of both ventricles at 
5 weeks’ gestation. The fibrous membranous septum is formed 
by the fused major (superior and inferior) AV cushions and the 
mesenchymal cap of the primary atrial septum. The bifurcation 
of the ventricular conduction system is the landmark that sepa¬ 
rates the contribution of the AV cushions and the outflow-tract 
ridges to septation [21]. 

Anatomy 

A thorough understanding of the anatomy of the ventricular sep¬ 
tum is critical to fully describe and categorize VSDs and optimize 
treatment strategies. The natural history and prognosis of VSDs 
vary according to the location of the defect(s). Treatment choices 
are expanding for some types of VSDs to include transcatheter 
and innovative surgical options. Several schemes for nomencla¬ 
ture and classification have been proposed and debated. Fur¬ 
ther discussion about this nomenclature is beyond the scope of 
this chapter. For the purposes of echocardiography, we choose to 
define VSDs primarily by their geographic location rather than 
by their surrounding structures. However, both components are 
important for complete characterization of the VSD. Thus, for 
each VSD type, several of the names that are in common usage 
will be discussed and are listed in Table 12.1. Recently, the Inter¬ 
national Society for Nomenclature of Paediatric and Congen¬ 
ital Heart Disease has come to a consensus about categoriza¬ 
tion of VSDs using geographical location as the initial point in 
the hierarchy but also emphasizing whether there are fibrous or 


muscular borders to the defects. The four geographical regions 
include central defects (e.g., perimembranous or conoventricu- 
lar VSD), inlet defects (atrioventricular canal type with or with¬ 
out malalignment of the ventricular septum or posterior mus¬ 
cular VSD), outlet defects (conal septal or doubly committed 
subarterial with or without malalignment), and trabecular 
defects (defects exclusively in the muscular septum). 

Anatomy of the ventricular septum 

Viewed from the RV, the ventricular septum may be divided 
into four zones: (i) AV canal (inlet), (ii) muscular (trabecular) 
or ventricular sinus septum, (iii) septal band, and (iv) parietal 
band (Figure 12.1) [36,37]. The smooth-walled AV canal (inlet) 
septum extends inferiorly and posteriorly adjacent to the septal 
leaflet of the tricuspid valve to the distal septal attachments of 
the tricuspid valve papillary muscles. Extending inferiorly and 
anteriorly is the muscular (trabecular) septum, which is charac¬ 
terized by coarse trabeculations on the RV aspect and includes 
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Figure 12.1 Pictorial view of the normal right ventricular (RV) septal wall 
demonstrates normal landmarks of the ventricular septum. The “Y” 
indicates the “Y” configuration of the septal band to help define ventricular 
septal defect (VSD) location. 
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the moderator band. The muscular (trabecular) septum is sepa¬ 
rated from the smooth-walled conal (infundibular, outlet) sep¬ 
tum by the septal band (septo-marginal trabeculation), which 
courses superiorly and posteriorly from the mid-portion of the 
ventricular septum. The septal band divides into an antero- 
superior limb, which courses superiorly toward the pulmonary 
valve and blends into the subpulmonary conus (infundibulum), 
and a postero-inferior limb, which courses towards the RV free 
wall, where it merges with the parietal band (septo-parietal tra¬ 
beculation). The conal (infundibular) septum sits within the “Y” 
of the septal band and in the normal heart is difficult to distin¬ 
guish from the conal free wall (it becomes more clearly recog¬ 
nized when it is displaced from the “Y” of the septal band). The 
membranous septum, the fibrous component of the ventricular 
septum, sits at the inferior edge of the conal septum just supe¬ 
rior to the atrioventricular canal (inlet) septum. The membra¬ 
nous septum is divided by the septal leaflet of the tricuspid valve 
such that a portion sits on the right atrial side (a defect in this 
area results in the rare left ventricular to right atrial defect, the 
Gerbode defect [38]) while the other portion is interventricular 
and is in continuity with all other components of the ventricu¬ 
lar septum. On the LV side, the membranous septum sits adja¬ 
cent to the right coronary-noncoronary commissure of the aor¬ 
tic valve. The conduction tissue, consisting of the AV conduction 
bundle, the branching bundle and left bundle branch, courses in 
the posterior-inferior border of the membranous septum. 

Conoventricular or perimembranous VSD 

A conoventricular defect is the most common type of VSD that 
requires surgical closure. It is in the central location of the ven¬ 
tricular septum. This defect carries various other names includ¬ 
ing perimembranous VSD and paramembranous VSD because 
of its close proximity to or inclusion of the membranous sep¬ 
tum. However, many other defects (including atrioventricular 
canal defects, and malalignment defects) are also located adja¬ 
cent to the membranous septum. Thus, the terms “perimem¬ 
branous” or “paramembranous” are nonspecific with regard to 
location but are better used to describe borders. That being 
said, the term “perimembranous” is part of the cardiology ver¬ 
nacular. Conoventricular defects are located between the conal 
(infundibular) septum and the muscular (trabecular) septum 
near the septal/anterior commissure of the tricuspid valve (Fig¬ 
ure 12.2a,b). These defects are typically in fibrous continuity 
with the tricuspid valve and aortic valve but in some cases, are 
only in continuity with the tricuspid valve. The tricuspid valve 
frequently has attachments to the margins of the defect, partially 
or completely restricting the ventricular level shunt. In some 
cases, adherence of the tricuspid valve leaflets to the edges of 
the VSD may cause shunting from the LV directly into the right 
atrium (not to be confused with a true Gerbode defect). On the 
LV side, conoventricular VSDs lie adjacent to the commissure 
between the right and noncoronary cusps of the aortic valve; 
thus in some cases, a portion of an aortic valve leaflet (most com¬ 
monly from the right coronary cusp) may prolapse into the VSD 



(b) 


Figure 12.2 (a) Pictorial view of the RV septal wall shows a 
conoventricular type VSD (in black). The defect is seen in proximity to the 
septal leaflet of the tricuspid valve and usually encompasses the 
membranous septum as well, (b) A pathologic specimen in the same view 
of the RV septal wall shows a conoventricular type VSD (indicated in 
yellow) sitting under tricuspid valve septal attachments. The “Y” of septal 
band is represented by the black Y to show the relationship to the defect. 

and cause aortic regurgitation. Conoventricular VSDs may also 
be associated with the late development of muscle bundles in the 
RV outflow tract, so-called double-chambered RV and subaortic 
membranes. 

Malalignment VSD 

Malalignment defects are defined by the orientation of the conal 
(infundibular) septum. As such, they are defects in the out¬ 
let portion of the ventricular septum. In malalignment defects, 
the conal septum which normally sits in the “Y” of the sep¬ 
tal band, is positioned out of that plane either toward the right 
ventricular outflow tract (i.e., tetralogy of Fallot) or toward the 
left ventricular outflow tract (associated with subaortic narrow¬ 
ing) (Figure 12.3a,b). Some refer to malalignment defects as 
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“conoventricular or perimembranous defects with malalign¬ 
ment” Importantly, malalignment defects almost never close 
spontaneously and generally do not have tricuspid valve tissue 
attached to the margins of the defect. In rare circumstances, 
AV valve tissue may be “pulled” into the defect, obstructing 
ventricular level flow and potentially obstructing an outflow 
tract. Malalignment defects are commonly associated with other 
conotruncal malformations such as double outlet ventricle or 
transposition of the great arteries. In the setting of normally 
related great arteries, anterior malalignment makes the conal 
septum an exclusively RV structure that impinges on the sub- 
pulmonary region resulting in (i) subpulmonary obstruction, 
(ii) the aorta positioned over the ventricular septum (overrid¬ 
ing aorta), and (iii) right ventricular hypertrophy. These com¬ 
ponents in addition to the VSD itself make up the diagnosis of 
tetralogy of Fallot although all are the result of the malaligned 
conal septum. When anterior malalignment is severe, the conal 
septum may fuse with the free wall of the right ventricular out¬ 
flow tract resulting in pulmonary atresia. In cases of mild ante¬ 
rior malalignment, there may be no significant pulmonary out¬ 
flow tract obstruction; these defects are called “Eisenmenger 
type” VSDs because the pulmonary vascular bed is not protected 
from increased flow [39]. 

In posterior malalignment, the conal septum becomes an 
exclusively LV structure; as a result, the aorta sits entirely 
above the LV (Figure 12.3c). It is almost always associated with 
subaortic narrowing and usually associated with coarctation of 
the aorta or interruption of the aortic arch. When posterior 
malalignment is severe, aortic atresia may be present. 

Muscular VSD 

Muscular VSDs are the most common defects seen in the 
fetus and newborn. There is little controversy with regard to 
name. When small, many muscular VSDs will close spon¬ 
taneously without intervention. Muscular defects are present 
in the trabecular portion of the ventricular septum and are 
entirely surrounded by muscle. Typical designations of more 
specific location include anterior, posterior, mid-muscular, infe¬ 
rior, and apical (Figure 12.4a,b). In autopsy specimens, muscu¬ 
lar VSDs are readily seen on the LV septal surface because of 


Figure 12.3 (a) Pictorial view of the RV septal wall shows a malalignment 
type VSD (in black). In this example, anterior malalignment of the conal 
septum is depicted. The aortic valve is shown in this figure because it is 
overriding the ventricular septum (tetralogy of Fallot), (b) A pathologic 
specimen in the same view of the RV septal wall shows an anterior 
malalignment type VSD (indicated in yellow). The conal septum is seen 
deviated toward the pulmonary valve which is small (i.e., tetralogy of 
Fallot). The “Y” of septal band is represented by the black Y to show the 
relationship to the defect, (c) A pathologic specimen of the left ventricular 
septal wall shows a posterior malalignment type VSD (indicated in yellow). 
The conal septum is seen projecting into the left ventricular outflow tract 
with a small aortic valve. 
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(b) 

Figure 12.4 (a) Pictorial view of the RV septal wall shows multiple 
locations of muscular type VSDs (in black). All possible locations of 
muscular defects are labeled including the posterior muscular defect that 
sits behind the tricuspid valve, (b) A pathologic specimen in the same view 
of the RV septal wall shows a large mid-muscular type VSD. 


the fine trabeculations but they may be covered by dense and 
coarse trabeculations on the RV side, giving the appearance of 
multiple defects - the so-called “Swiss-cheese” septum [40]. 
Multiple defects in the same patient are also common. Accurate 
echocardiographic location of these defects is important if sur¬ 
gical or catheter-directed closure is considered. 

Conal septal VSD 

A conal septal VSD occurs in the outlet portion of the ventricular 
septum and is defined as complete or partial absence of muscle 
in the conal septum (Figure 12.5a,b). Many other names have 
been used to describe this type of VSD including doubly com¬ 
mitted subarterial defect, subpulmonary defect, juxta-arterial 
defect, and supracristal defect. This type of defect occurs more 



(b) 


Figure 12.5 (a) Pictorial view of the RV septal wall shows a conal septal 
type VSD (in black). A portion of the conal septum is absent. The defect is 
adjacent to the pulmonary valve. Notice that the membranous septum is 
intact, (b) A pathologic specimen in the same view of the RV septal wall 
shows a conal septal type VSD. Notice its close proximity to the pulmonary 
valve and that the defect is just above the “Y” of septal band. 


frequently in the Asian population. It is important to distinguish 
conal septal defects from conoventricular defects though they 
are relatively close in location. Conal septal defects do not close 
spontaneously and often require a surgical approach through the 
pulmonary valve for closure. With complete absence of the conal 
septum, there is fibrous continuity between the adjacent cusps 
of the aortic and pulmonary valves. Due to the close proxim¬ 
ity of these defects to the right coronary cusp of the aortic valve 
and the lack of support to the aortic valve from below, there 
is a strong tendency for the right coronary cusp of the aortic 
valve to prolapse into the VSD resulting in partial or complete 
closure. Conal septal defects can be seen in combination with 
malalignment. 

Atrioventricular canal VSD 

AV canal type VSD occurs in the inlet portion of the ventricu¬ 
lar septum and is seen under the entire length of the AV valve 
(Figure 12.6a,b). The distinction between an AV canal type VSD 
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Gerbode type VSD 

The Gerbode defect is defined as a communication between the 
left ventricle and the right atrium in the membranous portion of 
the ventricular septum that sits above the tricuspid valve [38]. 
True Gerbode defects (in contrast to defects that result from 
adherence of the tricuspid valve commissure to the VSD rim) 
are extremely rare. 


Pathophysiology 

A VSD may have two closely related adverse consequences: 
altered hemodynamics due to a left-to-right shunt, and alter¬ 
ation of the pulmonary vascular resistance. 
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Figure 12.6 (a) Pictorial view of the RV septal wall shows an 
atrioventricular canal type VSD (in black). Notice that the defect sits 
along the entire length of the tricuspid valve and that the conoventricular 
portion of the ventricular septum is also included in the defect, (b) A 
pathologic specimen in the same view of the RV septal wall shows an 
atrioventricular canal type VSD. Notice that the tricuspid valve is 
straddling the defect. 


and a posterior muscular defect is that the AV canal type VSD 
has no superior muscular rim between the AV valve and the 
defect. Both, however, are inlet defects. Importantly, in an AV 
canal type VSD the conduction tissue courses posterior to the 
defect resulting in the typical counterclockwise loop on electro¬ 
cardiogram [41]. Though typically large, AV valve tissue may 
partially or completely fill in these defects. AV canal type VSDs 
are most commonly seen in association with the spectrum of 
common AV canal defects (with ostium primum atrial septal 
defects and a common AV valve and annulus). However, they 
can also be seen in patients who have distinct tricuspid and 
mitral valves. Tricuspid valves straddle exclusively through AV 
canal type VSDs. This straddling is associated with malalign¬ 
ment between the atrial and ventricular septum with variable 
degrees of RV hypoplasia [42]. 


Left-to-right shunt 

Left-to-right shunting across a VSD leads to increased pul¬ 
monary blood flow. The magnitude of the left-to-right shunt 
depends on VSD size and the resistance in the pulmonary vas¬ 
cular bed. Based on both these factors, VSDs are broadly divided 
into three categories: small, moderate, and large [43]. Small 
VSDs are variably pressure-restrictive, preventing transmission 
of systemic pressure and usually maintaining a normal RV pres¬ 
sure. Of note, a substantial left-to-right shunt can occur through 
smaller, pressure-restrictive defects as the pulmonary vascular 
resistance drops over the first weeks of life. A moderate VSD 
usually provides some resistance to pressure but little resistance 
to flow. As a result, this defect leads to variable elevation of RV 
pressure, and hemodynamically significant left-to-right ventric¬ 
ular shunting. Large VSDs offer little restriction to pressure or 
flow such that the RV pressure is usually at systemic levels and 
the left-to-right shunt is large. 

Left-to-right shunting across a VSD may lead to three adverse 
hemodynamic consequences: (i) LV volume overload, (ii) pul¬ 
monary overcirculation, and (iii) potentially compromised sys¬ 
temic cardiac output. The increased volume load on the LV leads 
to dilation, which produces elevation of end-diastolic pressure 
via the length-tension relationship [44]. LV hypertrophy devel¬ 
ops as a compensatory mechanism to minimize the increase 
in wall tension, but it also decreases ventricular compliance, 
thus further aggravating the increase in end-diastolic pressure 
[45]. This elevation in end-diastolic pressure is reflected in 
increased left atrial and pulmonary venous pressure. The sub¬ 
sequent increase in hydrostatic pressure of the pulmonary capil¬ 
lary bed, leads to the development of pulmonary interstitial fluid 
and even pulmonary edema [46]. Pulmonary compliance and 
gas exchange may be altered as a result. Tachypnea is a common 
symptom of this phenomenon. 

Alteration of pulmonary vascular resistance 

A hemodynamically significant VSD leads to a “common erec¬ 
tile force,” where RV and pulmonary arterial systolic pressure are 
systemic. Increased pulmonary blood flow and increased pul¬ 
monary arterial pressure may alter the normal maturation of 
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the pulmonary vascular bed [47]. As the pulmonary resistance 
drops over the first few weeks after birth, left-to-right shunt¬ 
ing of blood increases, leading to pulmonary over circulation. 
Heart failure symptoms develop with tachypnea, tachycardia, 
diaphoresis with feeds, and failure to thrive in infants. Without 
intervention, this pulmonary overcirculation leads to changes in 
the pulmonary vascular bed, limiting the left-to-right shunt and 
decreasing symptoms [48]. The pulmonary arteriole vessel tran¬ 
sitions from having a reactive muscular wall to one with poten¬ 
tially irreversible structural changes consisting of medial hyper¬ 
trophy and intimal proliferation, leading to elevated pulmonary 
vascular resistance. Eventually, pulmonary vascular resistance 
elevates to the point of exceeding systemic vascular resistance, 
leading to right-to-left shunting across the VSD and cyanosis, 
the so-called Eisenmenger syndrome. 

Associated defects 

VSDs often occur in isolation. However, in surgical series, nearly 
50% of all patients with a VSD have an additional cardiac 
anomaly [49]. Atrial septal defects, pulmonary stenosis, and a 
persistent left superior vena cava are seen in up to 13%, 15%, 
and 8% of VSD patients, respectively [50]. Patent ductus arterio¬ 
sus in association with VSD is also seen frequently. Conotrun- 
cal anomalies such as tetralogy of Fallot, truncus arteriosus or 
double outlet ventricle almost invariably have a VSD. Double- 
chambered RV and subaortic stenosis, either separately or in 
combination, have been reported in up to 10% of patients with 
a conoventricular VSD in surgical series [51,52]. 

Aortic regurgitation is an acquired and frequently progressive 
lesion in some patients with VSD [53]. It develops in association 
with conoventricular or conal septal type VSDs. The conal sep¬ 
tal VSD lies directly below the right coronary cusp of the aortic 
valve, accounting for the strong tendency of this cusp to pro¬ 
lapse into the VSD. Prolapse of the right coronary cusp of the 
aortic valve leads to defective apposition of the leaflets. In addi¬ 
tion, absence of the conal septum may cause deficient support 
for the valve apparatus from below. In contrast, the conoven¬ 
tricular VSD lies below both the right and noncoronary cusps 
of the aortic valve. Aortic regurgitation in this setting has been 
attributed to prolapse of either of these cusps [54]. Leaflet defor¬ 
mities include elongation, and thickened and rolled edges. The 
left coronary cusp of the aortic valve is distant from the ven¬ 
tricular septum, and prolapse of this leaflet into a VSD is quite 
uncommon. 

Imaging 

Key elements 

A complete anatomic and hemodynamic examination with two- 
dimensional (2D) (and 3D, when appropriate) imaging as well as 
color and spectral Doppler should be performed to evaluate the 
VSD and its associated abnormalities. The following elements of 
the anatomy and physiology should be given priority: 


Preoperative examination 

• Anatomic assessment 

° Determine VSD type, location, size, and number 
° Demonstrate the relationship of the VSD with adjacent 
structures (e.g., tricuspid, aortic, and pulmonary valves) 

° Measure defect margins (assessment of suitability for tran¬ 
scatheter closure) 

• Hemodynamic assessment 

° Assess direction of flow across defect and document with 
spectral Doppler 

° Assess degree of restriction across the VSD and RV systolic 
pressure estimate with the peak velocity and direction of 
VSD shunt (by color and spectral Doppler) 

° Estimate RV systolic pressure with tricuspid regurgitation 
peak velocity and ventricular septal curvature at end-systole 
° Determine the degree of volume load to the left side of the 
heart with LA and LV size and LV systolic and diastolic per¬ 
formance 

• Evaluate for associated lesions. 

Postoperative/follow-up examination 

• Assess for residual/additional VSDs 

• Assess TR jet or residual VSD jet velocity to estimate RV pres¬ 
sure 

• Evaluate for abnormalities of adjacent valves either involved 
in the VSD or manipulated during the surgical approach 

• Monitor ventricular function and aneurysm formation if the 
surgical approach involved a ventriculotomy 

• Monitor for long-term associations with VSD: 

° Double chamber right ventricle 

° Subaortic membrane/stenosis 
° Aortic insufficiency secondary to valve prolapse. 

Transthoracic imaging 

Echocardiography has evolved into a universally applicable 
modality for the comprehensive diagnosis of VSD, includ¬ 
ing anatomic and hemodynamic assessments [55]. Two- 
dimensional echocardiography, utilizing a combination of mul¬ 
tiple imaging windows, planes, and sweeps, is the mainstay for 
complete examination of the ventricular septum. As the subx- 
iphoid long-axis sweep progresses superiorly, it profiles the AV 
canal septum and membranous septum. Advancing superiorly 
and anteriorly, this sweep demonstrates the muscular septum. 
The subxiphoid short-axis sweep demonstrates the conal (out¬ 
let) septum as well as the muscular septum. 

The apical 4-chamber sweep starts posteriorly in the plane of 
the coronary sinus and the AV valves. This view demonstrates 
the AV canal septum above, and the posterior and mid-muscular 
septum below. As the plane of this sweep proceeds anteriorly, 
the membranous septum comes into view at the septal/anterior 
commissure of the tricuspid valve. 

The parasternal long-axis view transects the aorta and the LV 
in the long axis and demonstrates the mid and apical muscular 
septum. Tilting the transducer to the tricuspid inflow and the 
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Figure 12.7 Subxiphoid frontal view in color 
compare mode demonstrates a conoventricular 
VSD adjacent to the tricuspid and aortic valves 
with left-to-right shunt by color Doppler. 


pulmonary outflow tract demonstrates the membranous septum 
and conal septum, respectively. 

The parasternal short-axis view at the base of the heart 
demonstrates the membranous septum between the tricuspid 
valve hinge point (9 o’clock) and 11 o’clock positions. Conal sep¬ 
tum is seen between 11 o’clock and the hinge of the pulmonary 
valve (2 o’clock). As this sweep progresses towards the apex, the 
muscular septum is profiled well. 

Conoventricular VSD 

Conoventricular VSDs (also named perimembranous or 
paramembranous defects) are visualized adjacent to the sep¬ 
tal/anterior commissure of the tricuspid valve on the RV 
side and the commissure between the right and noncoronary 
cusps of the aortic valve on the LV side. Two-dimensional and 
color Doppler subxiphoid frontal sweeps provide anatomic 


visualization of the defect size and degree of restriction to flow 
(Figure 12.7). The defect can also be visualized in the apical 
4-chamber view with anterior angulation between the septal 
leaflet of the tricuspid valve and the aortic valve. In the paraster¬ 
nal short-axis view at the base of the heart, conoventricular 
defects are visualized between the tricuspid valve annulus and 
11 o’clock (Figure 12.8). 

Oftentimes, tissue from the septal leaflet of the tricuspid valve 
can shroud a conoventricular VSD and restrict the ventricular 
level shunt (Video 12.1). This tissue can mask the defect and 
underestimate its true measurement by 2D imaging. Subxiphoid 
sagittal and right anterior oblique views aid in the assessment 
of double-chamber RV, when associated with a conoventricu¬ 
lar VSD (Video 12.2). Another associated finding with the VSD, 
prolapse of the right or noncoronary cusp with aortic insuffi¬ 
ciency, can be assessed in the parasternal long-axis view at the 



Figure 12.8 Parasternal short-axis view in 
color compare mode at the base of the heart 
demonstrates the conoventricular VSD 
between the septal leaflet of the tricuspid valve 
and 11 o’clock with left-to-right shunt by color 
Doppler. 


Chapter 12 Ventricular Septal Defects 223 


level of the LV outflow tract and in the parasternal short-axis 
view at the base (see Video 12.8 for an example of aortic valve 
prolapse into a conal septal VSD). When the aortic valve pro¬ 
lapses, the cusp appears distorted and slips into the defect, at 
times significantly restricting the shunt. 

Malalignment VSD 

Anterior deviation of conal septum is readily visualized in many 
views. With subxiphoid imaging, the anteriorly malaligned 
conal septum can be seen impinging on the anterior outflow 
tract in the right anterior oblique or sagittal views (Figure 12.9). 
In the parasternal short-axis view at the base of the heart, the 
conal septum can be seen out of line with the aorta, shifted 
anteriorly and narrowing the right ventricular outflow tract 
(Video 12.3). With subtle forms of malalignment, size discrep¬ 
ancy between the aorta and pulmonary artery may be helpful; in 
a normal heart, the pulmonary artery is slightly larger than the 
aorta but in tetralogy of Fallot, the pulmonary artery is usually 
smaller than the aorta. 

In posterior malalignment defects, deviation of the conal 
septum may be subtle. In the subxiphoid views, hypoplasia of 
the aortic valve (in normally related great vessels) in associa¬ 
tion with a VSD is often the first clue that posterior malalign¬ 
ment of the conal septum is present. Abnormally positioned 
conal septum may be visualized in the left anterior oblique view 
(Video 12.4). In the normal heart, the apical 5-chamber and 
parasternal long-axis views of the LV outflow tract demonstrate 
that the aortic valve slightly overrides the ventricular septum. 
In posterior malalignment defects, the aortic valve is typically 
positioned completely over the LV and the conal septum can 
be seen in the left ventricular outflow tract; this finding is an 
additional clue that the conal septum is malaligned and can be 
seen in apical and parasternal long-axis views (Figure 12.10a,b). 



Figure 12.9 Subxiphoid right anterior oblique view demonstrates anterior 
and superior deviation of conal septum with pulmonary outflow tract 
obstruction in a patient with tetralogy of Fallot. 



(b) 


Figure 12.10 (a) Apical 4-chamber view with anterior angulation 
demonstrates a large VSD with posterior malalignment of conal septum. 
The aortic valve is aligned entirely over the left ventricle without the 
normal slight override above the ventricular septum and is hypoplastic. 
This patient also had coarctation of the aorta, (b) Parasternal long-axis 
view demonstrates a posterior malalignment VSD with a hypoplastic aortic 
valve. Again note that the aorta is located entirely over the LV without 
normal override of the ventricular septum. Often the conal septum is small 
in these cases. 

Although the VSD can be seen between 10 and 12 o’clock in the 
parasternal short-axis view, the malposition of the conal sep¬ 
tum can only be appreciated when sweeping to the left ventric¬ 
ular outflow tract. Aside from aortic valve hypoplasia, a nar¬ 
rowed subaortic region, bicuspid aortic valve, and aortic arch 
obstruction are common associated anomalies with posterior 
malalignment defects. Mitral valves straddle exclusively through 
malalignment defects. 

Muscular defects 

Muscular VSDs can be variable in size and multiple. Since these 
defects are surrounded by muscle and can narrow during systole, 
they are often difficult to visualize by 2D imaging. Color Doppler 
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interrogation can greatly assist in identifying the location and 
number of defects. Larger muscular defects are readily identi¬ 
fied without color. In order to confirm a shunt by color Doppler, 
the color jet must traverse the septum from one ventricle to the 
other. Multiple muscular defects often appear as a “Swiss cheese” 
septum on echocardiographic imaging [56] (Video 12.5). In 
subxiphoid views, a sagittal sweep can scan the muscular sep¬ 
tum for defects. Sweeps of the septum in apical views can also 
demonstrate defects either in posterior, mid, or apical muscu¬ 
lar septum. As the parasternal short-axis sweep progresses from 
base to apex, posterior muscular VSDs appear between 7 and 10 
o’clock, mid-muscular VSDs appear between 10 and 12 o’clock, 
and anterior muscular VSDs appear between 12 and 2 o’clock 
(Figure 12.11a,b). Of note, it is important to ensure the color 
box covers the most anterior portion of the septum to identify 
anterior muscular defects. Muscular defects in association with 
other larger VSDs can be difficult to visualize because there is no 
pressure gradient across the defects. They are sometimes missed 
on preoperative imaging [57]. 


Conal septal defects 

Also named doubly committed or subarterial VSDs, these 
defects are well seen on subxiphoid sagittal views, with flow 
directed from the LV directly into the main pulmonary artery 
(Figure 12.12; Video 12.6). Because of the absence of conal 
septum, the aortic and pulmonary valves will appear at the 
same level in this view. In the apical and parasternal long-axis 
views, the location of the defect appears similar to a conoven- 
tricular VSD. The parasternal short-axis view at the level of 
the aortic valve offers one of the best ways to distinguish a 
conal septal defect from a conoventricular defect: echocardio¬ 
graphic dropout from conal septal VSD is located between 12 
and 2 o’clock (Video 12.7). Conal septal defects can be associ¬ 
ated with prolapse of the right coronary cusp into the defect, 
possibly restricting the degree of ventricular level shunting and 
also leading to aortic insufficiency (Figure 12.13; Video 12.8) 
This finding can be seen best in the parasternal long- and short- 
axis views of the base of the heart. These VSDs can also be seen 
in association with malalignment and valvar obstruction (e.g., 




Figure 12.11 (a) Parasternal short-axis view in 
color compare mode at the level of the mitral 
valve demonstrates a posterior muscular VSD 
(between 7 and 10 o’clock) with left-to-right 
shunt by color Doppler, (b) Parasternal short-axis 
view in color compare mode at the level of the 
mitral valve papillary muscles demonstrates a 
mid-muscular VSD (between 10 and 12 o’clock) 
and an anterior muscular VSD (between 12 and 2 
o’clock) with left-to-right shunt by color Doppler. 
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Figure 12.12 Subxiphoid left anterior oblique 
view in color compare mode demonstrates a 
conal septal VSD just under the pulmonary 
valve with color Doppler left-to-right shunt 
from the LV directly into the pulmonary artery 

tetralogy of Fallot) and therefore, assessment of valvar anatomy 
and function is important (Figure 12.14). Some conal septal 
VSDs are perforations within the conal septum rather than com¬ 
plete absence. Aortic prolapse can still occur in this setting. In 
contrast to conoventricular VSDs, these defects do not close with 
tricuspid valve tissue. 

Atrioventricular (AV) canal defects 

AV canal defects (inlet defects) are located in the posterior mus¬ 
cular septum but the lack of muscular rim between the tricuspid 
valve and the defect distinguishes the AV canal type defect from 
a posterior muscular defect. On subxiphoid sweeps, the defect 
is visualized below the AV valves. However, subxiphoid imaging 
often does not show the entire defect because the plane of ultra¬ 
sound sweeps through the defect. In apical 4-chamber view, the 
defect is posterior and the normal offset between the mitral and 



Figure 12.13 Long-axis TEE view at 90 degrees demonstrates aortic valve 
cusp prolapse into a conal septal VSD 


tricuspid valves is absent (Figure 12.15). In parasternal short- 
axis sweep from base to apex, AV-canal type VSDs appear in the 
posterior part of the ventricular septum between 7 and 9 o’clock 
at the level of the tricuspid and mitral valves (Video 12.9). 

Physiologic assessment of VSDs must accompany the 
anatomic assessment. Direction of flow across the VSD is 
determined by color Doppler interrogation within the defect. 
The degree of pressure restriction across the defect is estimated 
by measurement of the peak velocity across the shunt (the 
higher the velocity, the higher the pressure gradient across 



Figure 12.14 Subxiphoid right anterior oblique echocardiographic view 
demonstrates a combination of anterior malalignment and conal septal 
defect in a patient with tetralogy of Fallot. 
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Figure 12.15 Apical 4-chamber view demonstrates a large AV canal VSD 
(in a patient with common atrioventricular canal) in the posterior aspect of 
the ventricular septum, just below the AV valves. Note that the 
atrioventricular valves are at the same level. 


the defect and the lower the RV pressure). Positioning of the 
Doppler beam should be as parallel to the direction of VSD flow 
as possible to obtain the highest velocity. While the velocity 
across the defect gives an estimation of RV pressure, it is also 
important to determine RV pressure by tricuspid regurgitation 
velocity, curvature of the ventricular septum at end-systole, 
RV size and degree of hypertrophy, and RV function. The 
magnitude of the shunt and impact on the left heart can be 
estimated by assessing LA and LV size as well as LV systolic and 
diastolic function. 

Prenatal assessment 

Although VSD is the most common CHD diagnosed during the 
first year of life, its detection in the fetus can be challenging. 
Fetal movement limits the ability to acquire and maintain opti¬ 
mal imaging planes to identify VSDs. Analogous fetal views to 
those mentioned in TTE can be used to assess the number, size, 
and location of VSDs. In the 4-chamber view with the imaging 
beam parallel to the plane of the ventricular septum, VSDs can 
be distinguished from artifact or dropout by the appearance of a 
“T” artifact (echo-dense areas at the blood-tissue interface of a 
true VSD) [58] (Figure 12.16). Care must be taken when inter¬ 
rogating the membranous septum because this region is partic¬ 
ularly thin and produces dropout that can mimic the appearance 
of a defect. Aligning the septum in a perpendicular orientation 
allows the use of color Doppler to assist in the detection of true 
defects. Decreasing the color scale is helpful in detecting low- 
velocity ventricular shunting. Since the right and left ventricular 
pressures are equal in the fetus, overlying tissue may completely 
obscure even a large conoventricular defect in utero. The asso¬ 
ciation of chromosomal abnormalities such as trisomy 18 or 21 
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Figure 12.16 Long-axis fetal view demonstrates a large VSD. A “T artifact” 
at the edge of the defect helps to confirm a true defect versus 
echocardiographic dropout that can mimic the presence of a VSD. 

should increase the level of suspicion of associated VSDs, espe¬ 
cially malalignment and AV canal types, respectively [2]. Iso¬ 
lated VSDs rarely cause a problem in utero or in the neonatal 
period. In fact, some muscular defects close by the time of birth. 
It is important to determine whether other significant hemody¬ 
namic abnormalities are present to appropriately plan fetal and 
neonatal management. 

Imaging of the adult 

Imaging of the adult with a VSD can be problematic, as a 
larger body habitus and adult-specific lung disease (such as 
emphysema) often contribute to poor acoustic windows. Ade¬ 
quate visualization of the defect is paramount in the surveil¬ 
lance of this growing patient population for the development of 
potential hemodynamically important associated lesions, such 
as aortic insufficiency in conoventricular VSDs with aortic 
cusp prolapse, double-chambered right ventricle, and subaor¬ 
tic membrane development, in addition to progressive left 
ventricular dilation and endocarditis [59]. Eisenmenger syn¬ 
drome most typically presents in adolescence or early adult¬ 
hood with reversal of flow across the VSD, elevated RV pressure 
hypertrophy and flattened ventricular septum and associ¬ 
ated cyanosis (Video 12.10). Transesophageal echocardiogra¬ 
phy can be quite useful in detecting these lesions when TTE 
imaging is suboptimal. Often in the adult, TEE can be per¬ 
formed with moderate sedation obviating the need for the gen¬ 
eral anesthesia that is frequently necessary in the pediatric 
population. 
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Figure 12.17 Short-axis TEE view at 80 
degrees with color demonstrates a residual 
VSD after surgical patch closure. 

Preoperative/intraoperative imaging 

Preoperative assessment of VSD can include both TTE and TEE. 
The goals and techniques of transthoracic imaging are described 
in detail earlier. Transesophageal echocardiography is often used 
in the operating room to confirm anatomic details of the VSD 
and associated defects preoperatively. Postoperatively, cardio- 
thoracic surgery teams often request TEE after the patient is 
weaned from cardiopulmonary bypass to assess the surgical 
repair prior to chest closure. In addition to evaluating for resid¬ 
ual/additional VSDs, postoperative TEE should also assess for 
residual abnormalities that may be associated with the surgical 
approach: (i) tricuspid valve regurgitation or stenosis following 
detachment of the septal leaflet (for better defect exposure) fol¬ 
lowed by re-suspension of the leaflet, (ii) pulmonary/aortic valve 
regurgitation/stenosis if there was a transvalvar approach to the 
defect, or (iii) RV function following an approach through a ven¬ 
triculotomy. Postoperatively, TEE findings have been shown to 
change the surgical management, including the return to car¬ 
diopulmonary bypass for repair of significant residual defects 
[60] (Figure 12.17; Video 12.11). Further, medical management 
of the patient immediately after cardiopulmonary bypass can be 
altered based on TEE findings, such as the addition of inotropes 
and volume in response to decreased ventricular function or 
abnormal filling, or removal of intracardiac air noted on TEE. 
This modality has been shown to be safe in regards to ventila¬ 
tion in babies as small as 2 kg, the patient population at highest 
risk of having residual postoperative defects [61]. 

Echocardiographic guidance of transcatheter VSD 
closure 

Transcatheter device closure of VSDs has growing clinical rel¬ 
evance. Muscular defects, in particular, can be challenging to 
visualize and close surgically due to dense trabeculations of the 
right ventricular aspect of the septum. Transcatheter techniques 


have developed over recent years to facilitate safe, effective ways 
of closing these types of defects. Conoventricular defects are 
closed by this method in some cases as well [62]. These pro¬ 
cedures can be performed via access through the femoral ves¬ 
sels or via a hybrid procedure with a perventricular approach. 
Transesophageal echocardiography plays a critical role to help 
guide device placement. TEE is used for sizing of the defect 
to ensure selection of the appropriate device as well as for the 
assessment of residual defects or impingement on AV or aor¬ 
tic valves upon deployment [63] (Figure 12.18; Video 12.12). 
More recently, intracardiac echocardiography (ICE) has been 
shown to be effective in the guidance of transfemoral VSD device 
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Figure 12.18 Transgastric short-axis TEE view at 0 degrees demonstrates a 
device placed in a muscular VSD that appears to be well-seated across the 
ventricular septum. 
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occlusion. Although the catheters are expensive, require a fairly 
large sheath (8-10.5 Fr), and have a learning curve secondary to 
novel imaging planes, ICE offers the possibility of performing 
the procedure without subjecting the patient to general anesthe¬ 
sia [64]. 

Postoperative assessment 

The primary objective in the echocardiographic assessment of 
the postoperative patient following isolated VSD closure is the 
evaluation for residual ventricular-level shunts. Residual defects 
can easily be detected by TTE along the margins of the VSD 
patch. Up to 38% of patients have echocardiographic evidence 
of residual ventricular-level shunting in the peripatch area [65]. 
However, if the color jet diameter is less than 4 mm, sponta¬ 
neous resolution of the residual VSD can be expected in approxi¬ 
mately 65% of cases within 1 year of repair. In addition to assess¬ 
ment for residual VSDs, it is important to evaluate the septum 
for smaller additional defects remote from the VSD repair site; 
in some cases these VSDs are not appreciated on preoperative 
examination due to elevated RV pressure and limited ventricular 
level shunt. These additional defects may become more obvious 
postoperatively after RV pressure has decreased. 

Structures adjacent to the repair site and those regions 
involved in the surgical approach need to be fully interrogated 
for residual abnormalities. In the current era, the preferred route 
for repair of most VSDs is via a right atriotomy. A subset of these 
patients will require detachment of the tricuspid valve anterior 
leaflet, septal leaflet, or both for better defect exposure, with 
subsequent re-suspension of the leaflets after VSD closure [66]. 
Although the documented incidence of stenosis and/or regurgi¬ 
tation is low following this approach, interrogation of the tricus¬ 
pid valve is important. In large VSDs with systemic RV pressure 
preoperatively, an RV pressure estimate should be attempted by 
tricuspid regurgitation jet velocity or residual VSD velocity to 
assure that the RV pressure has normalized. 

Repair via ventriculotomy, either right or left, is rarely 
required save for specific circumstances, such as repair of apical 
or otherwise inaccessible muscular VSDs. However, surveillance 
for ventricular dysfunction and aneurysm development follow¬ 
ing this approach should be performed via serial echocardio¬ 
grams indefinitely. 

The postoperative evaluation of patients following repair of 
VSDs with aortic cusp prolapse and resultant aortic regurgita¬ 
tion should involve a thorough evaluation of the valve for resid¬ 
ual incompetence either as a result of the surgical repair or from 
pre-existing damage to the valve. Even when valvuloplasty is 
performed at the time of VSD closure, aortic insufficiency may 
progress postoperatively. Predictors of the need for subsequent 
aortic valve replacement following initial surgical closure of a 
VSD with aortic cusp prolapse include patient age greater than 
15 years and at least moderate insufficiency preop eratively [67]. 
This subset of patients should be followed serially with specific 
scrutiny of the aortic valve. Patients with conoventricular defects 
can develop double-chambered RV and subaortic membrane 


even after surgical closure of the VSD. These patients should 
be followed routinely over time to screen for these associated 
abnormalities. 
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Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 12.1 Parasternal short-axis clip with color compare demon¬ 
strates tricuspid valve tissue within the conoventricular VSD 
restricting the degree of shunting. 

Video 12.2 Subxiphoid right anterior oblique clip in color compare 
mode demonstrates an RV muscle bundle under the pulmonary 
valve producing turbulent flow and forming a double-chamber RV 
in association with a conoventricular VSD. The color Doppler VSD 
jet is directed into the RV chamber proximal to the RV muscle bun¬ 
dle obstruction. 

Video 12.3 Parasternal short-axis view at the base of the heart 
demonstrates tetralogy of Fallot in which the conal septum is posi¬ 
tioned out of line with the aorta, more anteriorly and impinging on 
the right ventricular outflow tract. 

Video 12.4 Subxiphoid left anterior oblique sweep demonstrates 
a large VSD with posterior malalignment of conal septum with 
potential for subaortic obstruction and associated aortic valve 
hypoplasia. 

Video 12.5 Parasternal long-axis clip in color compare mode 
demonstrates multiple muscular VSDs with left-to-right shunt by 
color Doppler. 

Video 12.6 Subxiphoid left anterior oblique clip demonstrates a 
conal septal VSD just under the pulmonary valve and aortic valve 
with complete absence of conal septum. 

Video 12.7 Parasternal short-axis clip demonstrates a conal septal 
VSD located between 12 and 2 o’clock. Note that the membranous 
septum between 9 and 11 o’clock is intact. 

Video 12.8 Parasternal long-axis clip with color compare demon¬ 
strates that the prolapsed aortic valve cusp is restricting the left-to- 
right shunt through the conal septal VSD. 

Video 12.9 Parasternal short-axis sweep in color compare mode 
demonstrates an AV canal VSD in the posterior ventricular septum 
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at the level of the AV valves with a predominantly left-to-right shunt 
by color Doppler. 

Video 12.10 Parasternal short-axis clip demonstrates a moderate 
anterior muscular VSD with a predominantly right-to-left color 
Doppler shunt and a flattened ventricular septum in systole, indi¬ 
cating markedly elevated RV pressure in a patient with Eisenmenger 
syndrome. 

Video 12.11 Long-axis TEE clip at 120 degrees in color compare 
mode demonstrates a residual VSD just below the aortic valve after 
repair of tetralogy of Fallot. 

Video 12.12 Long-axis TEE clip at 0 degrees with color Doppler 
demonstrates no residual VSD around an Amplatzer device in the 
ventricular septum. 
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CHAPTER 13 


Ebstein Anomaly, Tricuspid Valve Dysplasia, 
and Right Atrial Anomalies 


Frank Cetta and Benjamin W. Eidem 

Mayo Clinic, Rochester, MN, USA 


Introduction and incidence 

Ebstein anomaly and tricuspid valve dysplasia are the two 
most common congenital malformations of the tricuspid valve. 
Ebstein anomaly was initially described in 1866 after an autopsy 
by Wilhelm Ebstein showed a unique abnormality of the tri¬ 
cuspid valve [1]. The reported prevalence of Ebstein anomaly is 
1-5 per 100,000 live births with an equal distribution between 
the sexes [2-4]. Yet, it was not until 1950 that Ebstein anomaly 
was clinically recognized [5]. 


Morphology and development 

The tricuspid valve is composed of three leaflets, the ante¬ 
rior, septal, and inferior (a.k.a. posterior) leaflets. As the name 
implies, the septal leaflet has connections to the ventricular sep¬ 
tum. It is typically displaced toward the cardiac apex in Ebstein 
anomaly when compared to the normal heart. The anterior 
leaflet is usually large and redundant and has been described as 
“sail-like” (Figure 13.1). The inferior leaflet is positioned along 
the inferior aspect of the right ventricular cavity. It lies adjacent 
to the diaphragmatic surface of the heart (Figures 13.2 and 13.3). 

In Ebstein anomaly there is failure of proper delamination 
of the tricuspid valve leaflets from the ventricular myocardium. 
Although Ebstein anomaly is considered a disorder of the tricus¬ 
pid valve leaflets, it is more accurately described as an aberration 
in myocardial development and essentially is a cardiomyopathy 
[4]. The right ventricle in Ebstein anomaly rarely has normal 
morphology or function. 

The hallmark anatomic feature of Ebstein anomaly is displace¬ 
ment of the septal and inferior leaflets away from the crux of the 
heart and the atrioventricular junction (Videos 13.1 and 13.2). 
During cardiac development, leaflet displacement results from 
failure to fully separate from the underlying ventricular wall. 


The normal leaflet separation process is referred to as “delamina¬ 
tion.” Normal delamination begins at the tips of the embryonic 
leaflets and proceeds toward the base of the leaflet at the atri¬ 
oventricular junction. The normal delaminated tricuspid valve 
leaflet will have a hinge point near the true anatomic annulus 
(Figure 13.4). 

Due to the arrest in proper delamination of the tricuspid valve 
leaflets, patients with Ebstein anomaly have varying degrees of 
apical displacement of the septal leaflet with accompanying ante¬ 
rior rotation of leaflet tissue towards the right ventricular out¬ 
flow tract. The displacement seen in Ebstein anomaly is not 
simply a linear shift of the tricuspid valve towards the apex 
but actually a spiral rotation of the leaflets anteriorly towards 
the right ventricular outflow tract (Figure 13.5) [6]. In hearts 
with Ebstein anomaly the septal and inferior leaflets are usu¬ 
ally the most dramatically involved. In contrast, the anterior 
leaflet is formed at a different stage in cardiac development. As 
a result, the junctional hinge point of the anterior leaflet usu¬ 
ally remains at the true anatomic annulus. However, the ante¬ 
rior leaflet is far from normal and is usually very large and “sail¬ 
like” (Video 13.3). In cases of Ebstein anomaly that are associ¬ 
ated with pulmonary atresia with intact ventricular septum, the 
anterior leaflet may appear to be more normal. More commonly, 
the anterior leaflet has attachments to the free wall of the right 
ventricle resulting in varying degrees of tethering. These attach¬ 
ments may be thin chordae or they may be heavily muscularized. 
These attachments play an important role in the novel repair 
techniques wherein the surgeon tries to mobilize the leaflet tis¬ 
sue and reattach it to the anatomic annulus. 

The distance that the septal leaflet is displaced from the true 
anatomic annulus towards the apex of the right ventricle can 
be quantitated echocardiographically. This measurement (Fig¬ 
ure 13.6) has been referred to as the “displacement index.” 
Although hearts afflicted by Ebstein anomaly have many other 
leaflet and myocardial abnormalities, the displacement of the 
septal leaflet has become the hallmark, although not exclusive, 
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Figure 13.1 Pathologic specimen demonstrating a “sail-like” anterior 
leaflet of the tricuspid valve in Ebstein anomaly. Note the translucent 
nature of the leaflet, its large size and the multiple cordal attachments to the 
free wall of the right ventricle. Source: Courtesy of Dr. William Edwards, 
copyright Mayo Clinic Foundation, all rights reserved. 



Figure 13.3 Pathologic specimen of the right ventricular aspect of the 
tricuspid valve demonstrating anterior (Ant), inferior (Inf), and septal 
(Sep) leaflets. Note the multiple chordal attachments to the septum. 
Source: Courtesy of Dr. William Edwards, copyright Mayo Clinic 
Foundation, all rights reserved. 


feature in the diagnosis of Ebstein anomaly. This is discussed 
further in the Echocardiographic Assessment section of this 
chapter. 


Pathophysiology 

Patients with Ebstein anomaly present at many ages. The most 
severely affected will present in the newborn period. Newborns 
with severe Ebstein anomaly have massive cardiomegaly and 
significant cyanosis due to right-to-left shunting at the level 
of the atrial septum [7,8]. Neonates with Ebstein anomaly can 
be difficult to manage due to increased pulmonary vascular 



Figure 13.2 Right atrial view of a tricuspid valve demonstrating the normal 
position of the anterior, inferior and septal leaflets. Also note the proximity 
of the right coronary artery (RCA) as it traverses the right atrioventricular 
groove. Source: Courtesy Dr. William Edwards, copyright Mayo Clinic 
Foundation, all rights reserved. 



Figure 13.4 (Top panel) Diagram of normal delamination from the 
myocardium of the tricuspid leaflet at the level of the endocardial cushion 
(EC). RA, right atrium; RCA, right coronary artery; RV, right ventricle; TV, 
tricuspid valve. (Bottom panel) Diagram demonstrating failed or 
incomplete delamination of the TV leaflets present in Ebstein anomaly. The 
lower panel demonstrates the “atrialized” right ventricle. This is below the 
level of the true anatomic annulus and above the level of coaptation of the 
leaflets. Source: With permission, copyright Mayo Clinic Foundation, all 
rights reserved. 
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Figure 13.5 Diagram demonstrating several 
positions of tricuspid valve coaptation in 
Ebstein anomaly. Note in panel B the rotation 
of the coaptation point anteriorly into the right 
ventricular outflow tract. Source: Courtesy Dr. 
Robert Anderson, copyright Mayo Clinic 
Foundation, all rights reserved. 



resistance. In the most severe cases, the dysfunctional right 
ventricle cannot generate enough pressure to adequately open 
the pulmonary valve resulting in functional pulmonary atresia 
[9,10]. This leaves the patient extremely cyanotic due to right - 
to-left shunting across the patent foramen ovale. 

As the pulmonary vascular resistance drops, antegrade flow 
across the pulmonary valve occurs. The cyanosis will steadily 



Figure 13.6 Diagram of the “displacement index.” The distance from the 
hinge point of the anterior mitral leaflet is measured to the hinge point of 
the delaminated septal tricuspid leaflet. This measurement divided by the 
body surface area is the displacement index. A displacement index 
>8 mm/m 2 is diagnostic of Ebstein anomaly. A small functional right 
ventricle is present inferior to the coaptation point of the tricuspid valve. 
RA, right atrium; RV, right ventricle; TVA, tricuspid valve annulus. 
Source: With permission, copyright Mayo Clinic Foundation, all rights 
reserved. 


improve due to less tricuspid insufficiency and less right-to- 
left shunting at the atrial level. In rare cases of neonates with 
pulmonary valve regurgitation, a “circular circulation” is estab¬ 
lished which increases cyanosis and worsens prognosis. 

Depending on the associated anomalies, infants with Ebstein 
anomaly typically do not need surgical intervention in the new¬ 
born period. On the other hand, those patients with the most 
severe forms of Ebstein anomaly with severe tricuspid regur¬ 
gitation or severe right ventricular obstruction or atresia will 
need intervention. In these cases, palliation with a systemic-to- 
pulmonary arterial shunt can allow the patient to grow [11]. 
Oversewing the tricuspid valve with a fenestration (Starnes pro¬ 
cedure) in conjunction with a central shunt has also been used 
for palliation [12]. Novel tricuspid valve repair techniques may 
have a role in these patients but to date most neonates with severe 
Ebstein anomaly have had a poor outcome. Cardiac transplan¬ 
tation is another consideration for the most severe cases. 


Clinical presentation 

Ebstein anomaly can be readily diagnosed in utero with fetal 
echocardiography utilizing the 4-chamber view that delineates 
abnormalities of the tricuspid valve (Video 13.4). Echocardiog¬ 
raphy has impacted the age of diagnosis for patients with Ebstein 
anomaly. In 1979, Guiliani et al. reported that one-third of 
patients with Ebstein anomaly were diagnosed before 4 years 
of age [13]. Another 40% of patients were diagnosed by age 
19 years. However, cases have been reported of >60-year-old 
patients who were misdiagnosed with “mitral valve prolapse” 
based on clinical exam alone. Ultimately these patients had 
an echocardiogram, and the diagnosis was revised to Ebstein 
anomaly 

The clinical examination of a child with Ebstein anomaly can 
vary. The cardiac impulse is normal in patients with milder 
forms of tricuspid malformation and laterally displaced in more 
severe forms. With severe tricuspid regurgitation a holosystolic 
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murmur is usually present along the left lower sternal border. An 
ejection murmur of right ventricular outflow obstruction may 
be present. Patients with mild Ebstein anomaly have normal first 
and second heart sounds. However, split first and second sounds 
and/or third or fourth heart sounds maybe present [12,13]. The 
typical auscultation of the patient with Ebstein anomaly has been 
described as a “multiplicity of sounds.” Cyanosis may be evident 
but is subtle. Jugular venous distension is not common because 
the large right atrium and atrialized right ventricle dissipate the 
“V” wave. However, sometimes the accentuated jugular venous 
V wave is observed in patients with severe tricuspid regurgita¬ 
tion without an interatrial shunt. Hepatomegaly is uncommon 
except in patients with advanced right heart failure. 

The electrocardiogram in these patients will demonstrate 
right atrial enlargement with large P waves, PR interval pro¬ 
longation and a right bundle branch pattern. Wolff-Parkinson- 
White (WPW) with overt preexcitation evident on the sur¬ 
face electrocardiogram is present in up to 15% of patients with 
Ebstein anomaly. Supraventricular tachycardia (SVT) in patients 
with WPW and Ebstein anomaly is common. 

Chest radiography can appear normal in mild forms of 
Ebstein anomaly. In contrast, in neonates with massive car- 
diomegaly, the heart can occupy the majority of the chest (Fig¬ 
ure 13.7). This can occur in severe cases of Ebstein anomaly 
and tricuspid valve dysplasia where tricuspid regurgitation is the 
major hemodynamic abnormality. Impressive right ventricular 
enlargement is observed echocardiographically. Indications for 
operation in patients with Ebstein anomaly are summarized in 
Table 13.1. 



Figure 13.7 Anterior/posterior chest radiograph from an infant with severe 
Ebstein anomaly demonstrating massive cardiomegaly. Source: With 
permission, copyright Mayo Clinic Foundation, all rights reserved. 


Table 13.1 Indications for operation in Ebstein anomaly 

- Decreased exercise tolerance, especially when associated with cyanosis 

- Progressive RV dilation 

- Prior to significant RV systolic dysfunction 

- Onset or progression of atrial arrhythmia 

- Earlier operation if valve morphology is favorable for repair 

- Prior to LV systolic dysfunction 


Associated features with Ebstein anomaly 

Ventricular septal defects, tetralogy of Fallot, coarctation of 
the aorta, and patent ductus arteriosus have all been described 
with Ebstein anomaly. Left-sided cardiac anomalies, specifically 
mitral valve prolapse and noncompaction of the left ventri¬ 
cle, have also been described [14]. In 1987, Benson et al. pro¬ 
posed that the morphology and function of the right heart in 
Ebstein anomaly alters the left ventricular geometry and in turn 
its function [15]. It has been shown in neonates with Ebstein 
anomaly that increased fibrosis is present in the left ventricu¬ 
lar myocardium [16]. Therefore, left ventricular dysfunction in 
Ebstein anomaly is likely a combination of both mechanisms. 

Functional pulmonary valve atresia or stenosis may be found 
in up to one-third of neonates presenting with Ebstein anomaly. 
In severe Ebstein anomaly the massive cardiac size compresses 
the lungs and causes pulmonary hypoplasia. This contributes to 
the clinical instability of these newborns. 

Imaging 

Echocardiographic features of Ebstein anomaly 

Echocardiography has been considered the gold standard for the 
diagnostic evaluation of patients with Ebstein anomaly [17,18]. 
The internal cardiac crux, as imaged in the 4-chamber view, is 
the most consistent imaging landmark in the human heart (Fig¬ 
ure 13.8; Video 13.1). The 4-chamber view permits assessment 
of the septal hinge points of the mitral and tricuspid leaflets. 
The most sensitive and specific diagnostic feature in Ebstein 
anomaly is the displacement of the annular hinge point of the 
septal leaflet (Video 13.2) [19]. This displacement is appreci¬ 
ated by comparison of the annular hinge point of the anterior 
mitral valve leaflet to that of the septal leaflet of the tricuspid 
valve. In normal hearts, there invariably is slight apical displace¬ 
ment of the hinge point of the tricuspid septal leaflet as com¬ 
pared to the mitral anterior leaflet (Figure 13.9). However, in 
Ebstein anomaly, due to the failure of leaflet delamination, the 
septal leaflet hinge point is displaced inferiorly towards the apex. 
The distance between the valve hinge points can typically be 
measured in either systolic or diastolic still frames in the api¬ 
cal 4-chamber plane. The distance from the hinge point of the 
anterior leaflet of the mitral valve to the hinge point of the septal 
leaflet of the tricuspid valve is divided by the body surface area 
measured in square meters. This is known as the “displacement 
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Figure 13.8 Pathologic specimen (a), apical 4-chamber echocardiographic image (b), and cardiac MRI (c), in severe Ebstein anomaly. All three images 
show severe displacement of the tricuspid valve leaflets into the apex of the right ventricle with severe enlargement of the right atrium and atrialized 
portion of the right ventricle. The left ventricle is compressed due to the massive right-sided volume overload. The anterior TV leaflet has multiple 
muscular tethering points along its length. The septal leaflet is not delaminated in all three images. aRV, atrialized right ventricle; LA, left atrium; LV, left 
ventricle; RA, right atrium. Source: With permission, copyright Mayo Clinic Foundation, all rights reserved. 


index” A displacement index exceeding 8 mm/m 2 is a reliable 
feature to distinguish hearts with Ebstein anomaly from other 
forms of RV volume overload. In the most severe cases of Ebstein 
anomaly, the hinge point of the septal leaflet is not visualized in 
the 4-chamber imaging plane (Video 13.5). This is because the 
septal leaflet has been rotated anteriorly into the right ventricu¬ 
lar outflow tract (Figure 13.5). In these cases, the displacement 
index is considered infinite (Figure 13.10). 

The displacement index is a simple quantitative measure¬ 
ment to assist in the diagnosis of Ebstein anomaly; but it is not 
the entirety of the diagnosis. As previously mentioned, patients 
with Ebstein anomaly have failure of delamination of the infe¬ 
rior and anterior leaflets. These leaflets have abnormal tether¬ 
ing and muscularization of the chordal apparatus. In some cases 
there may appear to be complete absence of the septal and infe¬ 
rior leaflets. Ebstein anomaly is a disease of the right ventric¬ 
ular myocardium and careful assessment of the structure, size 
and function of the right ventricle is important, in addition to 
detailed interrogation of the leaflet morphology. 


Echocardiography is uniquely suited for evaluation of the 
tricuspid valve apparatus and support structures. However, 
assessment of the severity of tricuspid regurgitation in Ebstein 
anomaly has multiple pitfalls. Tricuspid regurgitation has been 
quantitated utilizing criteria established for normal adult hearts 
[20]. However, quantification of tricuspid regurgitation in 
patients with Ebstein anomaly is not as straightforward. For 
example, measurement of the vena contracta in patients with 
Ebstein anomaly can be difficult. Right ventricular systolic pres¬ 
sure in these patients is usually normal. Therefore, the tricuspid 
regurgitation jet will appear laminar when evaluated with color 
flow Doppler. This can be deceptive and cause the observer to 
underestimate the severity of tricuspid regurgitation due to the 
lack of an “aliased” region where it is easy to measure the vena 
contracta (Figure 13.11). The valve leaflets in Ebstein anomaly 
may have multiple fenestrations and therefore multiple jets of 
tricuspid regurgitation. This creates further pitfalls in evalua¬ 
tion and quantification of tricuspid regurgitation. Most impor¬ 
tantly, the orientation of the valve leaflets is not normal. Many 
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Figure 13.9 (a) Pathologic specimen demonstrating the true anatomic annulus (arrow) at the hinge point of the anterior TV leaflet. Note in this specimen 
the failed delamination of the anterior leaflet until the very tip of the leaflet which is present deep in the apex of the right ventricle near the level of the 
moderator band. Source: Courtesy of Dr. William Edwards, copyright Mayo Clinic Foundation, all rights reserved, (b) Apical 4-chamber echo image 
demonstrating a patient with Ebstein anomaly. A displacement index >8 mm/m 2 is a consistent hallmark of Ebstein anomaly. aRV, atrialized right 
ventricle; LV, left ventricle; RA, right atrium; LA, left atrium. Source: With permission, copyright Mayo Clinic Foundation, all rights reserved. 



Figure 13.10 Apical 4-chamber image demonstrating a severe form of 
Ebstein anomaly. In this image, there appears to be no delamination of the 
septal leaflet. The anterior leaflet has dense attachments to the free wall of 
the right ventricle (arrow). In the apical 4-chamber image, it appears that 
the right ventricle is entirely “atrialized.” The left ventricle is compressed 
due to the right-sided volume overload. There is massive right atrial 
enlargement. aRV, atrialized right ventricle; LA, left atrium; LV, left 
ventricle; RA, right atrium. Source: With permission, copyright Mayo 
Clinic Foundation, all rights reserved. 


patients with Ebstein anomaly have rotation of the leaflets into 
the right ventricular outflow tract. This causes the orientation 
of the tricuspid regurgitation jet to be unusual. Therefore, the 
tricuspid regurgitation jet may not be adequately evaluated in 
the apical 4-chamber view. Instead, the best view of the tricuspid 
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Figure 13.11 Apical 4-chamber view demonstrating a patient with Ebstein 
anomaly and severe tricuspid regurgitation. Note the laminar tricuspid 
regurgitation color flow due to the wide vena contracta and low velocity. 
Source: With permission, copyright Mayo Clinic Foundation, all rights 
reserved. 
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Figure 13.12 Subcostal images from an infant 
with severe Ebstein anomaly. The functional 
orifice is also the origin of a single broad jet of 
regurgitation. This jet begins near the right 
ventricular outflow tract and is oriented 
interiorly toward the diaphragm. aRV, atrialized 
right ventricle; L, left; RA, right atrium; RV, 
right ventricle; S, superior. Source: With 
permission, copyright Mayo Clinic Foundation, 
all rights reserved. 



regurgitation jet will be in a modified right ventricular outflow 
tract view (Figure 13.12). Many components of the traditional 
echo car diographic assessment of tricuspid regurgitation in the 
normal heart may not be as useful in the evaluation of tricuspid 
regurgitation in Ebstein anomaly. The echocardiographer must 
be astute and utilize multiple imaging planes to adequately assess 
tricuspid regurgitation in these patients. 

In 1992 Celermajer proposed an echocardiographic technique 
that measured the size of the right atrium (defined as the area 
above the tricuspid valve coaptation) and divided this by the 
combined area of the right ventricle below the level of coapta¬ 
tion + left atrium area + left ventricle area (Figure 13.13) [21]. 
If this index exceeded 1.0, it was a poor prognostic factor [16]. 
This index has been utilized in neonates and small children; its 
applicability in older children and adults has not been rigor¬ 
ously studied. The importance of the Celermajer index empha¬ 
sizes that the right atrium is severely enlarged in many patients 
with Ebstein anomaly. The area below the true anatomic annu¬ 
lus but above the level of coaptation of the valve leaflets has been 
referred to as the “atrialized right ventricle” (Figure 13.12). This 


area of the right heart will have right atrial pressure if one places a 
pressure transducer in this location. However, since it lies below 
the anatomic tricuspid valve annulus, the action potential and 
electrocardiographic signals in this area are those of ventricular 
myocardium. Recruitment of this area of the right ventricle is 
one of the benefits of the cone repair technique. 

Impact of echocardiography on tricuspid 
valve repair 

The traditional monoleaflet repair technique, introduced by 
Gordon Danielson at the Mayo Clinic in the 1970s, served many 
patients with Ebstein anomaly well for decades. When data from 
these patients were re-evaluated at the Mayo Clinic, 40-50% 
of patients received a repair that was durable for 15-20 years 
[22]. However, nearly 60% of patients operated in that era had 
a valve replacement. Preoperative echocardiography was highly 
predictive of surgical ability to repair the tricuspid valve with 
the monoleaflet approach. The most important feature predic¬ 
tive of a durable monoleaflet repair was the mobility of the ante¬ 
rior leaflet. It was critical for at least one-half of the leaflet to be 


Figure 13.13 Apical 4-chamber views that 
demonstrate the Celermajer index in two patients 
with Ebstein anomaly. In the left panel the area of the 
left atrium + left ventricle + right ventricle below the 
level of tricuspid valve coaptation is larger than the 
area of the right atrium + atrialized right ventricle. 
The Celermajer index in this patient would be <1.0. 
In contrast, the patient in the right panel has a 
Celemajer index >1.0. The area of the right atrium + 
atrialized right ventricle is larger than the other 
chambers of the heart. A Celermajer index >1.0, in 
neonates, correlates with poor prognosis. Source: 
With permission, copyright Mayo Clinic Foundation, 
all rights reserved. 
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Figure 13.14 Diagrams demonstrating the 
cone repair for Ebstein anomaly of the tricuspid 
valve. In the left panel, note that the leaflets are 
surgically delaminated and brought to the level 
of the true anatomic annulus. In the right panel, 
a reduction of the atrialized right ventricle has 
been performed and the valve is reconstructed 
to form the shape of a cone. Source: Courtesy of 
Dr. Joseph Dearani, copyright Mayo Clinic 
Foundation, all rights reserved. 


mobile, free of major tethering to the myocardium, and have a 
leading edge that would freely coapt with the ventricular sep¬ 
tum post repair (Videos 13.6 and 13.7). With this monocusp 
repair, no attempt was made to delaminate the septal leaflet or 
form a functionally coapting valve. Instead the “sail-like” qual¬ 
ities of the anterior leaflet were utilized to create a monoleaflet 
repair. Unfortunately, the more severe forms of Ebstein anomaly 
were not amenable to this repair technique. Specifically, when 
leaflet tissue was rotated anteriorly into the right ventricular 
outflow tract, that tissue could not be mobilized to form ade¬ 
quate coaptation at the level of the true tricuspid valve annulus. 
Many patients with severe forms of Ebstein anomaly had valve 
replacement in the era prior to the cone repair (Videos 13.8 
and 13.9). 

In the modern era with the “cone technique” originally intro¬ 
duced in Brazil by Jose DaSilva and extensively utilized by Joseph 
Dearani at the Mayo Clinic, the majority of patients with Ebstein 
anomaly are now amenable to a successful repair technique. 
Recent data from the Mayo Clinic demonstrated that in patients 
less than 21 years of age, greater than 95% of patients had 
valve repair regardless of leaflet morphology [23]. One impor¬ 
tant issue that needs to be addressed for prediction of repara- 
bility with the cone technique is muscularization of the leaflet 
and its support apparatus. The surgeon is able to successfully 
“delaminate” much of the septal, inferior, and anterior leaflets. 
Thick muscular chordal attachments to the anterior leaflet and 
muscularization of the leaflet itself are features that predict a 
less than acceptable repair. Partial annuloplasty rings are applied 
to most cone repairs. Unlike the monoleaflet repair, the cone 
reconstruction permits repair of the valve at the true anatomic 
annulus (Figures 13.14 and 13.15; Videos 13.10-13.13). The sur¬ 
geon delaminates the valve tissue preserving much of the right 
ventricular myocardium. Supplementation of the leaflets with 
GORE-TEX® sutures and patch material are adjuncts. Great care 
is taken to avoid the right coronary artery and the conduc¬ 
tion tissue when the mobilized valve leaflets are attached at the 
atrioventricular junction. The cone reconstruction dramatically 


decreases the amount of tricuspid regurgitation in most patients 
and restores the hinge point of the repaired tricuspid valve to its 
normal anatomic position. 

After the cone repair, many of the tricuspid valve leaflets 
appear thickened when imaged with surface echocardiography. 
Despite this leaflet thickening, tricuspid valve stenosis has not 
been a major problem in these patients. In patients with sig¬ 
nificant right ventricular dilation and dysfunction, a cavopul- 
monary connection is added to a cone repair in order to reduce 
the volume load on the RV. This cavopulmonary connection 
was not utilized as frequently in the era of the monoleaflet 
repair. However, in the current age, it is employed in 15-20% 



Figure 13.15 Intraoperative right atrial view during a cone repair for 
Ebstein anomaly Note that all three leaflets of the tricuspid valve have been 
mobilized and are being extended to the level of the true anatomic annulus. 
Source: Courtesy of Dr. Joseph Dearani, copyright Mayo Clinic 
Foundation, all rights reserved. 
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of patients, specifically those with significant right ventricular 
systolic dysfunction. 

In older patients (>50 years of age), there is a lower thresh¬ 
old for tricuspid valve replacement with a bioprosthesis. Valve 
replacement should also be considered, if more than half of the 
anterior leaflet has failed to delaminate, or if the leading edge 
of the anterior leaflet has dense attachments to the right ven¬ 
tricle [24]. In a large series from Mayo Clinic prior to the cone 
reconstruction experience, there was no difference in long-term 
survival or freedom from reoperation between those patients 
who had valve repair versus those with replacement [22]. Thus, 
in older patients, tricuspid valve replacement is a reasonable 
option. Need for reoperation at 20 years postoperative is approx¬ 
imately 50%. Mechanical prosthetic valves are usually avoided in 
Ebstein anomaly unless the patient has an additional reason for 
chronic anticoagulation. The most recent intervention for these 
patients is percutaneous valve-in-valve therapy in those with 
a dysfunctional bioprosthesis [25]. Use of percutaneous valve 
technology will hopefully obviate the need for further surgery 
in many patients (Videos 13.14 and 13.15). 

Patients experiencing arrhythmias usually have an electro- 
physiology study with ablation, prior to surgical intervention. A 
Maze procedure can be completed at the time of the tricuspid 
valve surgery. However, recurrence of atrial arrhythmias after 
a surgical Maze procedure for patients with Ebstein anomaly 
is high (50%). Cardiac transplantation in patients with Ebstein 
anomaly is reserved for the most severe cases and when there is 
concurrent severe left ventricular dysfunction. 

Key elements 

Preoperative examination 

• Determine displacement index of the annular hinge point of 
the septal leaflet on apical 4-chamber view 

• Evaluate septal and posterior leaflet mobility and support 
structures; rule out dysplasia 

• Assess mobility and degree of tethering of the anterior leaflet 

• Assess severity of tricuspid regurgitation and rule out tricus¬ 
pid stenosis 

• Measure Celermajer index 

• Evaluate functional RV morphology, size, and function 

• Evaluate LV morphology, size, and function 

• Assess for commonly associated lesions, including patent fora¬ 
men ovale or atrial septal defect; pulmonary stenosis or func¬ 
tional pulmonary atresia; ventricular septal defect; and patent 
ductus arteriosus. 


Tricuspid valve dysplasia 

Congenital dysplasia of the tricuspid valve is another abnor¬ 
mality which can cause severe tricuspid regurgitation and clin¬ 
ically important symptoms. In tricuspid valve dysplasia the 
hinge point of the leaflets is not displaced from the level of the 
true tricuspid annulus (Videos 13.16 and 13.17). The leaflets 
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Figure 13.16 Apical 4-chamber echocardiograph demonstrating severe 
tricuspid valve dysplasia. Note that the hinge points of the tricuspid leaflets 
are at the level of the anatomic annulus. There is no displacement into the 
body of the right ventricle. However, the leaflets are very abnormal and the 
tips are thickened. There is restricted movement and consequently severe 
tricuspid regurgitation. Note the severe right atrial enlargement. RA, right 
atrium; RV, right ventricle. Source: With permission, copyright Mayo 
Clinic Foundation, all rights reserved. 


are thickened and the chordal apparatus is foreshortened. This 
causes large gaps in coaptation of the tricuspid leaflets result¬ 
ing in significant tricuspid regurgitation. Segments of the tri¬ 
cuspid leaflets may be flail with broken chordae (Figure 13.16). 
Contrary to Ebstein anomaly, in tricuspid valve dysplasia, the 
myocardium of the right ventricle typically is normal. Right ven¬ 
tricular systolic function is preserved until more advanced stages 
of the disease. The leaflets of a dysplastic tricuspid valve may 
not be as amenable to repair as in Ebstein anomaly. Insertion 
of a partial annuloplasty ring can reduce the size of the annu¬ 
lus and hopefully improve coaptation resulting in less tricuspid 
regurgitation. 

The consequences of severe tricuspid regurgitation are sim¬ 
ilar to those seen in Ebstein anomaly: progressive right atrial 
enlargement, right ventricular dilation with eventual reduction 
in systolic function, and right-to-left shunting at the level of the 
atrial septum. However, the low pressure volume load of iso¬ 
lated tricuspid regurgitation is usually well tolerated through 
early childhood. The anatomic and echocardiographic criteria 
that were listed earlier in this chapter help to distinguish Ebstein 
anomaly from tricuspid valve dysplasia. The displacement index 
is <8 mm/m 2 in tricuspid valve dysplasia and the 2D appearance 
of the right ventricle is more normal. However, tricuspid valve 
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Figure 13.17 Subcostal scan demonstrating redundant Eustachian valve 
(arrows) within the right atrium. 


Figure 13.18 Parasternal long-axis scan angled into the RV inflow view 
Note the prominent Chiari network (arrow) emanating from the os of the 
coronary sinus. 


dysplasia and Ebstein anomaly may represent a disease spectrum 
and, at times, are difficult to distinguish echocardiographically 
from one another. 

Systemic venous valves and right 
atrial anomalies 

Embryonic regression of the right sinus venosus valve results in 
the formation the Eustachian and Thebesian valves. Incomplete 
regression of the fetal right sinus valve results in the persistence 
of membranous structures within the right atrium, most notably 
the Chiari network and cor triatriatum dextrum. 

Eustachian valve 

The Eustachian valve originates from the inferior vena cava and 
attaches to the limbus of the fossa ovalis. During fetal life, this 
structure directs the highly oxygenated blood returning from 
the maternal placenta across the fossa ovalis into the left atrium. 
Postnatally, this valve is present within the right atrium and can 
be readily imaged by echocardiography. Imaging is optimal from 
the subcostal and parasternal windows (Figure 13.17; Videos 
13.18 and 13.19). This valve tissue can often be prominent or 
redundant but is rarely obstructive. 

Thebesian valve 

The Thebesian valve is present within the coronary sinus and is 
not readily imaged in the majority of normal hearts. 

Chiari network 

The Chiari network is a fine “lattice-like” or “serpentine” fenes¬ 
trated membrane found on the floor of the right atrium. This 
network extends from the Thebesian or Eustachian valve and 
attaches to the wall of the right atrium or directly to the atrial 
septum. It can be quite mobile and even prolapse into the tricus¬ 
pid valve orifice. While rarely obstructive, this membrane can 
be a nidus for thrombus or endocarditis as well as stroke. It can 


be imaged best from the RV inflow view in parasternal long-axis 
scan plane but also in short-axis or apical 4-chamber orienta¬ 
tions (Figure 13.18; Videos 13.20 and 13.21). 

Cor triatriatum dextrum 

The Eustachian membrane may be very thickened and effec¬ 
tively divide the right atrium into two distinct chambers: (1) a 
posteromedial venous chamber that includes the connections 
of the caval veins and coronary sinus, and (2) an anterolateral 
chamber with the right atrial appendage and vestibule of the 
tricuspid valve. This membrane has variable size, redundancy, 
and number of fenestrations resulting in a variable degree of 
inflow obstruction to the right atrium and tricuspid valve. The 
presence of a patent foramen ovale or atrial septal defect is also 
variable and may be located either proximal or distal to this 
membrane. When present, this atrial defect can act as a pop-off 
valve allowing right-to-left shunting in patients with significant 
obstruction. 

Imaging of cor triatriatum dextrum is best facilitated in the 
subcostal imaging planes as well as the parasternal short-axis 
orientation. From the subcostal short-axis imaging plane, this 
membrane can be demonstrated originating from the IVC and 
connecting distally to the interatrial septum, separating the right 
atrium into a true double chamber with the vena cavae located 
proximal to the membrane and the atrial appendage and tricus¬ 
pid valve located distally The location of the coronary sinus and 
atrial septal defect can be variable, but both are most commonly 
located proximal to this membrane. 

Videos 

To access the videos for this chapter, please go to www.lai 
-echo.com. 

Video 13.1 Apical 4-chamber orientation demonstrating the nor¬ 
mal cardiac crux. Note the normal offset of the atrioventricular 
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valves with the mitral valve inserted more basally in the ventricu¬ 
lar septum than the tricuspid valve. 

Video 13.2 Apical 4-chamber orientation in a child with Ebstein 
anomaly. Note the prominent apical displacement of the septal tri¬ 
cuspid leaflet compared to the mitral valve insertion in the ventric¬ 
ular septum. 

Video 13.3 Apical 4-chamber view demonstrating the large sail¬ 
like anterior leaflet in Ebstein anomaly. Also note the attachments 
of the anterior leaflet to the underlying right ventricular (RV) 
myocardium. 

Video 13.4 Fetal echocardiogram in Ebstein anomaly. Note the 
severe right atrial and right ventricular enlargement resulting in sig¬ 
nificant cardiomegaly and pulmonary compression. 

Video 13.5 Apical 4-chamber view demonstrating the lack of sep¬ 
tal leaflet in this imaging plane. The orifice of the tricuspid valve 
has been significantly rotated into the right ventricular outflow tract 
(RVOT) resulting in a lack of tricuspid tissue in this scan. 

Video 13.6 Monocusp Danielson repair: two-dimensional imaging 
demonstrated excellent repair with coaptation of the anterior leaflet 
with the ventricular septum. 

Video 13.7 Monocusp Danielson repair: color Doppler demon¬ 
strates mild residual tricuspid regurgitation and no significant 
stenosis. 

Video 13.8 Prosthetic tricuspid tissue valve replacement in Ebstein 
anomaly. Two-dimensional imaging demonstrates good leaflet 
mobility and coaptation. 

Video 13.9 Prosthetic tricuspid tissue valve replacement in Ebstein 
anomaly. Color Doppler demonstrates normal antegrade flow 
across the prosthesis and a trivial degree of prosthetic regurgitation. 

Video 13.10 Cone repair: preoperative two-dimensional imaging 
in an apical 4-chamber orientation demonstrates the classic fea¬ 
tures of Ebstein anomaly with a sail-like anterior leaflet with mul¬ 
tiple areas of tethering to the underlying RV myocardium and a 
dilated true anatomic tricuspid annulus. Note the prominent api¬ 
cal displacement of the septal leaflet attachment of the tricuspid 
valve. 

Video 13.11 Cone repair: preoperative color Doppler evaluation 
demonstrates a broad medial jet of tricuspid regurgitation. 

Video 13.12 Cone repair: postoperative two-dimensional imaging 
demonstrates the post-repair tricuspid orifice is now at the true 
tricuspid annulus. This reconstructed tricuspid annulus has been 
decreased in size allowing improved leaflet coaptation. 

Video 13.13 Cone repair: postoperative color Doppler interroga¬ 
tion demonstrates an excellent cone repair with minimal stenosis 
and mild residual regurgitation. 

Video 13.14 Two-dimensional imaging by intracardiac echocar¬ 
diography of the Melody valve in the tricuspid position. 


Video 13.15 Color Doppler by intracardiac echocardiography 
demonstrating normal flow across the Melody valve in the tricus¬ 
pid position. 

Video 13.16 Apical 4-chamber view demonstrating tricuspid valve 
dysplasia. Note the normal insertion of the septal tricuspid 
leaflet at the cardiac crux and the lack of central valve leaflet 
coaptation. 

Video 13.17 Apical 4-chamber view demonstrating very mild 
Ebstein anomaly. Note the exaggerated offset of the AV valve inser¬ 
tions at the cardiac crux due to apical displacement of the septal 
leaflet of the tricuspid valve. There is very mild right atrial and right 
ventricular chamber dilatation. 

Video 13.18 Parasternal long-axis orientation with posterior angu¬ 
lation into the tricuspid inflow view. Note the prominent redundant 
Eustachian valve in this view. 

Video 13.19 Subcostal view demonstrating Eustachian valve within 
the right atrium with its connection to the atrial septum. 

Video 1 3.20 Parasternal long-axis orientation with posterior angu¬ 
lation into the tricuspid inflow view. Note the prominent redundant 
Chiari network in this view. 

Video 13.21 Apical 4-chamber view demonstrating Chiari network 
within the right atrium emanating from the coronary sinus. 
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Definitions 

Mitral valve prolapse (MVP) occurs when there is systolic 
extension of a leaflet segment beyond the annular plane. Histor¬ 
ically, the definition of MVP has varied considerably resulting in 
diagnostic confusion [1]. Defining MVP as classic or nonclassic 
forms is supported by adult outcome studies [1,2]. Classic MVP 
is defined as systolic leaflet displacement of >2 mm and dias¬ 
tolic leaflet thickness exceeding 5 mm; nonclassic MVP exists 
when the systolic displacement is >2 mm with leaflet thickness 
<5 mm. Borderline displacement <2 mm is considered a normal 
variant and is not associated with morbidity or progression [1]. 

Cleft mitral valve is present when the anterior leaflet remains 
divided into two separate leaflet components, each of which 
attach to a separate papillary muscle group. Isolated cleft mitral 
valve (ICMV), the subtype addressed in this chapter, is a cleft 
not associated with an ostium primum defect. ICMV frequently 
coexists with other congenital heart lesions - the term “isolated” 
refers only to the lack of an ostium primum defect. 

Straddling mitral valve (SMV) is defined as the presence of 
chordal attachments on both sides of the ventricular septum, and 
by definition can only occur in the presence of a ventricular sep¬ 
tal defect (VSD) [3-5]. In SMV the anterior leaflet is frequently 
divided [6], leading to a separate commissure and thus a trileaflet 
MV; this arrangement, however, is not, strictly speaking, a cleft 
because chordae tendineae from two separate leaflets join a sin¬ 
gle (or closely spaced) papillary muscle group(s). It is appropri¬ 
ately termed a commissure. 

Double orifice mitral valve (DOMV) is defined as two sep¬ 
arate orifices each supported by its own chordae and papillary 
muscles. 

Congenital mitral stenosis (MS) is defined as an abnormality 
at any level of the mitral valve apparatus that results in restriction 
of diastolic filling. 

Isolated congenital giant left atrium (GLA) is defined as left 
atrial enlargement out of proportion to the hemodynamic load 
on the left atrium in the absence of rheumatic heart disease. It 


is frequently referred to as congenital left atrial aneurysm or left 
atrial appendage aneurysm [7,8]. 

Incidence 

Initial reports describing the prevalence of MVP showed it to be 
as high as 5-15%. The results of these studies were affected by 
selection bias and the lack of a clear definition of MVP [9]. More 
recent studies in unselected individuals [1,10] report a much 
lower prevalence of 0.6 to 2.4%. The true incidence of ICMV, 
DOMV and SMV are yet to be determined [11,12]. Pathologic 
studies from large congenital cardiac registries have reported 
ICMV in 41/3369 (1.2%) [12], DOMV in 28/2733 (1.0%) [13], 
and SMV in 8/2200 (0.4%) [4]. Congenital MS is an equally 
rare condition that occurs in approximately 0.4% of patients 
with congenital heart disease [14]. Worldwide, the prevalence 
of acquired rheumatic mitral stenosis exceeds that of congen¬ 
ital MS; however, in developed nations congenital MS is more 
common. Congenital GLA is very rare, with <20 pediatric cases 
reported in the literature [7,8,15-25]. 

Etiology 

In primary classic MVP there is myxomatous degeneration of 
the valve without an identifiable connective tissue disorder. 
Familial inheritance can be present in an autosomal dominant 
fashion [25]. Secondary MVP is histologically identical to pri¬ 
mary, but is present with connective tissue disease (e.g., Mar¬ 
fan or Ehlers-Danlos syndromes). ICMV with normally related 
great arteries (NRGA) and DOMV have in common abnor¬ 
mal development of the embryonic endocardial cushions and, 
therefore, can be seen with increased frequency in trisomy 21 
[12,13]. The rarity of SMV [4] and its association with other 
complex anatomic lesions [6] makes it difficult to ascribe a spe¬ 
cific etiology to SMV. Similarly, congenital MS typically involves 
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disruption of several components of the valve apparatus, 
hypoplasia of additional left-sided structures and other complex 
cardiac lesions, which makes the determination of specific eti¬ 
ology equally challenging. In contrast to idiopathic giant right 
atrium (see Chapter 13) [26], which is by definition truly “iso¬ 
lated,” congenital GLA has most frequently been reported in the 
setting of some degree of mitral valve disease [27]. The exact 
etiology of congenital GLA is obscure. Surgical and histological 
examinations have demonstrated extremely thin atrial wall and 
fibrosis [8,18,19]. Authors have proposed fetal viral infection or 
focal developmental error leading to lack of myoblasts and loss 
of wall integrity [16,17]. 

Morphology and classification 
Developmental considerations 

The atrioventricular (AV) valve leaflets, chordae tendineae, and 
the myotendinous junction are derived from the endocardial 
cushions, with some contribution of myocardial cells [28-30]. 
The complex process of normal morphogenesis of the AV junc¬ 
tion and AV valve is under investigation [31-33]. The rarity of 
SMV, DOMV, ICMV and congenital MS, together with their 
frequent association with other abnormalities, makes defin¬ 
ing their developmental basis extremely challenging. Recent 
advancements in the understanding of complex signaling path¬ 
ways and epithelial to mesenchymal transition provide new 
insight into the mysteries of cardiac embryo genesis [34]. On 
a basic level, the lower aspect of the endocardial cushions, 
through a poorly understood interaction with myocardial cells, 
forms freely mobile “mature” leaflets through delamination 
(detachment) from the myocardial wall, eventually leaving only 
the chordae tendineae attached to both leaflet and papillary 
myocardium [31,33]. How interruption of this process leads to 
these complex anomalies is yet to be defined. For ICMV it is 
generally recognized that failure of fusion of the left ventric¬ 
ular aspect of the superior and inferior endocardial cushions 
results in a cleft in the anterior leaflet [33]. Of note, the portion 
of the endocardial cushions that participates in the final step of 
ventricular septation eventually leads to the formation of both 
the membranous septum and the anterior MV leaflet [31-33], 
which fits with the anatomic observation (see “Anatomy” later) 
that the cleft attachments in ICMV with NRGA are always near 
the membranous septum [12]. SMV in the setting of crossed AV 
inflows, superior-inferior ventricles, and right ventricular (RV) 
sinus hypoplasia is thought to be related to a post-looping abnor¬ 
mal clockwise rotation (twisting) that brings the infundibular 
chamber in close proximity to the leftward aspect of the devel¬ 
oping AV canal, allowing the MV to straddle into the infundibu¬ 
lar chamber [5]. Congenital MS can develop from an abnor¬ 
mality of one or more of the components. The narrowing of 
the supravalvular area, annulus, and valve leaflets often extends 
distally with additional subvalvar obstruction from hypertro¬ 
phied or misplaced papillary muscles and abnormal chordae. 


Four common anatomic subtypes have been described: typi¬ 
cal congenital MS, parachute MV, supravalvar mitral ring, and 
hypoplastic MS. The last subtype will be addressed in Chapter 
20 [35]. By limiting flow to distal structures during embryologic 
development, MS may play a role in the hypoplasia or stenosis 
of downstream structures [36]. 

Anatomy 

Mitral valve prolapse 

The mitral valve annulus is divided into anterior and posterior 
components. The anterior mitral annulus is in continuity with 
the aortic annulus through a region termed the aortomitral cur¬ 
tain which extends between the left and right fibrous trigones. 
This region is well supported and less prone to distortion and 
remodeling compared to the posterior mitral annulus which is 
adjacent to a rim of discontinuous fibrous tissue and fat. The 
annular shape is likened to a hyperbolic paraboloid or “sad¬ 
dle” (Figure 14.1) with the most superior aspect of the annu¬ 
lus located anteriorly and the most inferior aspect located later¬ 
ally at the commissures (Figure 14.2). This morphology has been 
shown to reduce stress on the mitral leaflets during systole [37] 
and has implications for design of annuloplasty rings [38,39]. 
During the cardiac cycle, annular movement is dependent on 
contraction of adjacent muscular structures and is threefold- 
translational (toward and away from the apex), circumferen¬ 
tial and “folding” across the intercommissural axis [40]. The 
nonplanar shape of the mitral annulus is particularly impor¬ 
tant to appreciate when imaging and defining what constitutes 
MVP [2,27]. 

Normally, the leaflet edges are thrust together during ven¬ 
tricular systole along a 2-4 mm coaptation zone (zona coapta) 
at the leaflet tips. MVP results when a leaflet edge slips past 
this coaptation zone. More significant MVP (classic) usually 
results from excessive leaflet tissue (redundancy), myxomatous 
proliferation of the spongiosa, and elongation of the chordal 
apparatus [41]. These abnormalities lead to a more fundamental 



Figure 14.1 Schematic of an idealized “saddle-shaped” surface - hyperbolic 
paraboloid - which is concave downward in one direction (parallel to the 
yz plane) and upward in a perpendicular direction (parallel to the xz 
plane). The symbols a, b, and c denote constants that determine the shape 
of the structure. Source: Levine RA, et al. 1987 [67]. Reproduced with 
permission of Wolters Kluwer Health. 
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Planar annulus Saddle surface 



Saddle-shape annulus 



Figure 14.2 (Top left) Diagram of the model in vitro with a planar annulus 
and leaflets curving downward toward the zone of coaptation. Adjacent 
cardiac structures are also diagrammed. Ant., anterior; Ao, aorta; LA, left 
atrium; LV, left ventricle; Post., posterior. (Top right) Diagram of the model 
in vitro with the leaflets and annulus shaped to lie on a saddle surface. 
(Bottom) The model restructured with leaflets concave toward the left 
ventricle, reflecting its systolic pressure, but not protruding above the 
anterior and posterior high points of the saddle-shaped annulus. Source: 
Levine RA, et al. 1987 [67]. Reproduced with permission of Wolters Kluwer 
Health. 

failure of MV function, significant prolapse, mitral regurgitation 
(MR), and rarely chordal rupture. 

A standard nomenclature of leaflet segments provides consis¬ 
tency when describing the location of isolated prolapsing seg¬ 
ments (Figure 14.3). In a large adult surgical series on MVP, iso¬ 
lated posterior and bileaflet prolapse, with a prevalence of 52% 
and 33%, respectively, were the more common patterns of mitral 
leaflet prolapse. In comparison, the prevalence of isolated ante¬ 
rior leaflet prolapse was 15% [42]. 

Isolated cleft mitral valve 

By definition, ICMV exists without an ostium primum defect. 
Within this definition, there are two separate categories, which 
were characterized in a large anatomic investigation [12]. When 
ICMV coexists with an abnormal conotruncus the cleft attach¬ 
ments are to the subarterial left ventricular (LV) myocardium, in 
a more vertical location. This morphology is important to define 
and recognize because it can lead to LV outflow tract obstruction 
[12,43,44]. In addition, ICMV with an abnormal conotruncus 
is notable for having no features similar to AV canal defects - 
namely a normal ventricular inlet/outlet ratio [45] and no 
association with trisomy 21. This differs from ICMV with 



Figure 14.3 Nomenclature used to describe the anatomy of the MV leaflets 
segments and commissures (surgical view from the left atrium). Al, lateral 
segment; A2, middle segment; A3, medial segment; PI, lateral scallop; P2, 
middle scallop; P3, medial scallop. Source: Shanewise JS, et al. ASE/SCA 
guidelines for performing a comprehensive intraoperative multiplane 
transesophageal echocardiography examination: recommendations of the 
American Society of Echocardiography Council for Intraoperative 
Echocardiography and the Society of Cardiovascular Anesthesiologists 
Task Force for Certification in Perioperative Transesophageal 
Echocardiography. J Am Soc Echocardiogr 1999;12(10):884-900. 
Reproduced with permission of Elsevier. 

normally related great arteries (NRGA), where the cleft attach¬ 
ments are more horizontal to the ventricular septum. In ICMV 
with NRGA, trisomy 21 is more frequent and a reduced 
inlet/outlet ratio is present [12,46]. Prior to this insight there 
had been debate about whether ICMV was related in some man¬ 
ner to AV canal defects [47-49]. To sort this out, investigators 
examined the location of the cleft attachments, papillary muscle 
location and inlet/outlet ratio, producing different conclusions 
[44-50]. The recognition of two distinct groups - NRGA and 
abnormal conotruncus - was key to explaining the vertical loca¬ 
tion of the cleft attachment [12]. In ICMV with NRGA the cleft 
attachments are to the membranous septum (when intact) or to 
the crest of the ventricular septum when a VSD is present. Func¬ 
tionally, the attachment appears to “migrate” superiorly when 
the membranous septum is intact resulting in a cleft location that 
is in between horizontal and vertical. 

Straddling mitral valve 

SMV occurs when MV chordal attachments are present within 
the right ventricle. Straddling is across the anterior (outlet) sep¬ 
tum and differs from a straddling tricuspid valve which crosses 
the inlet septum [51]. The attachments of a SMV are to a sin¬ 
gle papillary muscle or closely spaced papillary muscle groups 
within the infundibulum to either the conal septum, septal band 
or the free wall, and can involve the anterior leaflet or both 
mitral valve leaflets. This lesion is always associated with a VSD 
and an abnormal conotruncus, either double-outlet right ven¬ 
tricle (DORV) or transposition of the great arteries (TGA) [6]. 
When SMV is present in the setting of {S,D,L} or {S,L,D} 
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segmental sets there are invariably crossed AV valve inflows, 
superior-inferior ventricles, and hypoplasia of the RV sinus [5]. 
Major straddling occurs when greater than one-half of the MV 
is related to the infundibulum. Typically the MV orifice is ade¬ 
quately sized and rarely more than mildly incompetent. Outflow 
obstruction from the attachments is rare. Risk factors for sur¬ 
vival are related to the presence of multiple or noncommitted 
(remote) ventricular septal defects [43]. 

Double-orifice mitral valve 

In its most frequent form, DOMV exists with two discrete ori¬ 
fices, each with its own chordal support and papillary muscles. 
The orifices are frequently divided by a “fibrous ridge,” which is 
actually normal MV leaflet tissue [52,53]. This separation can 
either be limited to the tips of the respective orifices, sparing 
the more basal aspects, or extend along the entire length of the 
leaflets [53]. Another much less common anatomic variation is 
a muscular separation of the orifices associated with papillary 
muscle abnormality [53]. The size of the papillary muscles varies 
directly with the size of the orifice that they subtend. At one end 
of the spectrum is a chordal ring, a tiny anterolateral orifice with¬ 
out papillary support inserting directly into the LV wall. More 
typically, the valves are relatively equal in size. When DOMV 
is present with an AV canal defect, it is often characterized by 
a smaller posteromedial orifice. A recent report indicates that 
DOMV is more prevalent in partial AVC defects (64%) versus 
complete AVC defects (34%) or transitional AVC defects (2%) 
[54]. 

Mitral stenosis 

Typical congenital MS involves thickened and rolled leaflets, 
shortened chordae tendineae with absence of the interchordal 
spaces (as seen in anomalous mitral arcade), and underde¬ 
veloped papillary muscles, which may be closely spaced [29]. 


Typical MS has also been termed “symmetric” [55], implying 
equal distribution of chordae to each papillary muscle and equal 
papillary muscle size. Asymmetric papillary muscle location, 
size, and distribution of chordal attachments is common (found 
in approximately 30% of a large cross-sectional study) [56], and 
in the extreme results in a true parachute MV [57] with all 
chordae inserting into a single papillary muscle - typically the 
anterolateral papillary muscle is absent [35,57]. Congenital MS is 
strongly associated with obstructive left-sided lesions including 
pulmonary vein stenosis, supravalvar and valvar aortic stenosis, 
parachute mitral valve, supravalvar mitral ring, subaortic mem¬ 
brane and coarctation of the aorta - the last four lesions together 
were originally described by Shone et al. [ 14]. Supravalvar mitral 
ring is an important subtype of MS characterized by a membra¬ 
nous tissue growth from the left atrial side of the mitral leaflets 
that results in a variable degree of stenosis. Two types of con¬ 
genital mitral rings exist. The much more common “intramitral” 
ring consists of a thin membrane adherent to the atrial surface 
of the valve leaflets, and it is more commonly associated with 
Shone complex. The “supramitral” ring is a shelf-like membrane 
at or just above the mitral annulus, and this less common form 
of ring is usually associated with a normal subvalvular apparatus 
[58]. Congenital mitral ring can be progressive and is optimally 
treated surgically [55,56,58]. 

Congenital giant left atrium 

The morphology of congenital GLA is fairly consistent [7,8,59], 
with a globally enlarged left atrial cavity and more focal aneurys¬ 
mal enlargement of the atrial wall adjacent to the appendage. 
Typically the atrial cavity extends apically along the anterior and 
lateral left ventricular wall (Figure 14.4). The mass effect can 
lead to compression of the left ventricular free wall, right atrium 
and adjacent thoracic structures, including the esophagus, left 
bronchus, and recurrent laryngeal nerve. 



Figure 14.4 Apical 4-chamber view demonstrating the 
massively dilated left atrial appendage in a patient with “giant 
left atrium.” An, aneurysm; LA, left atrium; RA, right atrium. 
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Pathophysiology 

The pathophysiology associated with either abnormal MV 
development (cleft, straddling, parachute, or double orifice) or 
abnormal MV apparatus function (MVP) is predominantly a 
function of the competence of the valve (regurgitation) and the 
adequacy of the flow orifice (stenosis). An additional factor 
specific to ICMV with abnormal conotruncus and SMV is the 
location of the attachments relative to the potential pathway 
from the LV to the outflow and whether this pathway is adequate 
for a biventricular repair [43,60,61]. 

Chronic MR can develop in classic MVP and in general is 
well tolerated with minimal symptoms. The indications for sur¬ 
gical MV plasty are related to the exact mechanism and loca¬ 
tion of prolapse, the integrity of the MV apparatus, degree of 
MR, age, and LV size. Preservation of long-term LV function is 
the rationale behind early surgical intervention [42]. Recently, 
a study in adults showed that patients with a lower ejection 
fraction (<64%) and higher end-systolic dimension by M-mode 
(>37 mm) preoperatively were more likely to develop LV systolic 
dysfunction following mitral valve repair for MVP compared 
to patients with a higher EF and smaller LVESD [62]. Acute 
chordal or papillary muscle rupture, resulting in a flail leaflet, 
and acute MR is poorly tolerated, producing acute left atrial and 
pulmonary artery hypertension. In general, flail involving the 
posterior leaflet is more amenable to surgical repair. 

ICMV frequently results in MR due to the lack of adequate 
coaptation zone along the cleft. The outcome following plasty, 
which basically involves suture plasty of the cleft to improve 
coaptation, is a trade-off between better coaptation and ade¬ 
quacy of the flow orifice with good mid-term outcomes [63,64]. 

DOMV without associated lesions occurs rarely (7% of all 
DOMV cases) [52], which is likely an underestimate because 
when DOMV is present in isolation, the valve typically is func¬ 
tioning well and is clinically silent. The pathophysiology is gen¬ 
erally not related to dysfunction of the DOMV, but rather the 
morbidity of the associated lesions - frequently AV canal defects, 
stenosis of the aggregate flow orifice, or obstructive left-sided 
lesions [13,52,54]. In DOMV with an AV canal defect, if regurgi¬ 
tation is present, the posteromedial orifice is frequently the cul¬ 
prit. Significant mitral stenosis of a DOMV is often present and 
is amenable to balloon valvuloplasty in selected patients [56]. 
Successful surgical management of DOMV with AVC defects 
involves complete closure of the accessory orifice if it is con¬ 
tributing to MR. However, competent accessory orifices are 
often left alone. Of note, if the accessory orifice is closed, mod¬ 
ification to the surgical closure of the cleft is usually required to 
avoid creating mitral stenosis [54]. 

The hemodynamic burden of mitral stenosis, and therefore 
symptoms, depends upon the flow orifice size and the cardiac 
output. As heart rate increases, diastole is shortened more than 
systole and the mean gradient across the valve increases, even 
at a fixed cardiac output. To maintain a given cardiac output, a 
greater mean pressure gradient is required. For severe stenosis, 


a small increase in flow rate necessitates a large increase in the 
pressure gradient [65]. The elevated left atrial pressure results 
in left atrial dilation, elevated pulmonary venous pressures, 
pulmonary edema, and dyspnea. Pulmonary hypertension in 
moderate or severe MS is secondary to transmission of pressure 
to the pulmonary bed, reactive vasoconstriction, and vessel wall 
changes [66]. Severe pulmonary hypertension can in turn lead 
to right ventricular dysfunction and tricuspid regurgitation. Left 
atrial dilation is a powerful substrate for atrial fibrillation, which 
increases the risk of thromboembolic events. 


Imaging 

Key elements 

The key elements of the echocardiographic examination in the 
setting of mitral valve anomalies can be summarized as follows: 

■ Assessment of mitral valve apparatus morphology and func¬ 
tion, including: 

• the integrity of chordal and leaflet support structures; 

• length of the chordae; 

• chordal attachments and papillary muscle - location and 
number; 

• careful definition of the annular plane; 

• identification of MVP; 

• localization of the prolapsing leaflet segment (Figure 14.3); 

• identification of MV cleft attachment location; 

• identification of SMV - major versus minor; 

• identification of associated conotruncal and atrioventricu¬ 
lar canal lesions; 

• feasibility of biventricular repair by visualizing the pathway 
from LV to outflow as it relates to the ICMV or SMV attach¬ 
ments. 

■ Full interrogation of all MR jets: 

• localize the regurgitation orifice; 

• assess the degree of MR using multiple methods to over¬ 
come limitations of each: 

° color flow mapping (spatial distribution); 

° width of the jet at the vena contracta; 

° continuous-wave Doppler with analysis of the spectral 
pattern; 

° pulsed-wave spectral Doppler of pulmonary veins; 

° consider quantification of the regurgitant volume. 

■ Anatomic and hemodynamic assessment of the MV flow ori¬ 
fice: 

• annulus size - dimensions in two orthogonal planes; 

• assessment of anatomic flow orifice by two-dimensional 
(2D) imaging; 

• recognize physiology that leads to reduced orifice flow - 
atrial septal defect (ASD) and/or reduced cardiac output; 

• Doppler interrogation. 

■ Left atrial size 

■ Left ventricular size 


248 Part III Anomalies of the Systemic and Pulmonary Veins, Septa, and Atrioventricular Junction 




Figure 14.5 Systolic frame from a standard parasternal long-axis view 
showing mild mitral valve prolapse. Note the displacement of both the 
anterior and posterior leaflets beyond the annular plane. (Video 14.1). 


■ Estimation of right ventricular pressure by tricuspid regurgi¬ 
tation and/or ventricular septal configuration 

■ Ventricular function. 

As the above goals highlight, imaging of the MV is an involved 
process, which is best accomplished within the framework of a 
normal thorough congenital examination utilizing slow sweeps 
of the cardiac anatomy from multiple acoustic windows. Imag¬ 
ing tips specific to each lesion and the details of the hemo¬ 
dynamic assessment of stenosis are discussed in the following 
sections. 

Mitral valve prolapse (MVP) 

In its more subtle form, MVP can be erroneously missed or diag¬ 
nosed when not present. This is mainly due to failure to account 
for the nonplanar anatomy of the annulus [67]. The leaflets of a 
normal MV move beyond the annular level in standard 2- and 4- 
chamber views where the annular edge extends more inferiorly 
(closer to the LV apex) and can be mistaken for MVP; there¬ 
fore MVP should be diagnosed from ventricular long-axis, or 
3-chamber, views (Figure 14.5; Video 14.1). Isolated MVP of the 
posterior leaflet is best seen from the long-axis views (P2) and 2- 
chamber views (PI and P3). Isolated posterior leaflet prolapse is 
particularly important to recognize because the outcome of sur¬ 
gical plasty is excellent [42], which may alter the threshold for 
recommending repair. 

Isolated cleft mitral valve (ICMV) 

Visualization of the cleft attachments is best from a subxiphoid 
short-axis view (Figure 14.6; Video 14.2). ICMV with an abnor¬ 
mal conotruncus has more vertically positioned cleft attach¬ 
ments near the TV outflow. Examination of ICMV is focused on 
determining if outflow tract obstruction is present and if the cleft 
interferes with the potential pathway from the TV to the great 
artery (either aorta or pulmonary); it is best accomplished from 
the modified subxiphoid windows (Figure 14.7; Video 14.3) that 



Figure 14.6 Systolic frame from a modified short-axis view obtained from 
a subxiphoid window profiling an isolated cleft of the mitral valve in a 
young child. From the subxiphoid window the chordae of the cleft (white 
arrow) are perpendicular to plane of interrogation which provides better 
visualization compared to the parasternal short-axis window. Note the 
characteristic location of the attachments near the membranous septum - 
which is marked by the anteroseptal commissure of the tricuspid valve (red 
arrow). (Video 14.2). 



Figure 14.7 Diastolic frame from a modified view obtained from a 
subxiphoid window profiling an isolated cleft of the mitral valve (ICMV) in 
an infant with D-transposition of the great arteries {S,D,D}. Note the 
vertical orientation (arrow) of the cleft attachments, typical for ICMV with 
transposition or double-outlet right ventricle (see text). The cleft attaches 
to the leftward aspect of the left ventricular outflow. (Video 14.3). 
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profile each respective structure of interest. One often needs to 
rotate the transducer from standard long- and short-axis views 
to visualize these pathways better [6]. In addition, sweeping this 
anatomy once the modified view is found is crucial to under¬ 
standing the adequacy of the pathway and degree of potential 
outflow obstruction. 


Straddling mitral valve (SMV) 

Imaging of SMV is focused on first identifying major straddling 
(Figures 14.8 and 14.9; Video 14.4 and 14.5), which usually pre¬ 
cludes biventricular repair. When straddling is minor, similar to 
ICMV, standard and modified subxiphoid views provide visu¬ 
alization of the straddling chordae and papillary muscles, their 
exact attachment location and the feasibility of VSD closure or 
baffle repair. Parasternal imaging provides enhanced visualiza¬ 
tion of the chordal attachments within the infundibulum (free 
wall, septal band or conal septum) in SMV or within the LV out¬ 
flow in ICMV (Figure 14.10; Videos 14.6 and 14.7). 


Double-orifice mitral valve (DOMV) 

The mitral valve orifices are best visualized from an apical view, 
rotating the transducer counterclockwise to image each orifice 
in its long-axis plane. Standard short-axis views from either 
parasternal or subxiphoid windows (Figure 14.11; Video 14.8) 
provide imaging of the double orifice en face, and sweeping the 
MV in this plane defines the extent of the fibrous ridge, the ade¬ 
quacy of each orifice and the competency of the valve [53]. 



Figure 14.8 Diastolic frame from a modified long-axis view obtained from 
a subxiphoid window profiling major straddling of the mitral valve in an 
infant with double-outlet right ventricle (DORV) {S,D,D}. Note the 
commissure of the straddling valve with attachments within the 
infundibulum and the marked degree of straddling that would complicate 
biventricular repair. Inf, infundibulum; RV, right ventricular; LV, left 
ventricle; SMV, straddling mitral valve. (Video 14.4). 



(a) (b) 

Figure 14.9 Diastolic (a) and systolic (b) frames from a modified short-axis view obtained from a subxiphoid window profiling major straddling of the 
mitral valve (SMV) in an infant with TGA {S,D,D} pulmonary stenosis. Note the interiorly positioned tricuspid valve (TV) inflow and the mitral straddling 
via the anterior (outflow) aspect of the ventricular septum. Systolic frame (b) shows the coapting commissure (arrow) of the straddling valve. (Video 14.5). 
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(b) 


Figure 14.10 (a) Systolic frame from a standard short-axis plane profiling 
the exact location (arrow) of the cleft attachments to the leftward aspect of 
the left ventricular outflow tract (LVOT) in the same infant as shown in 
Figure 14.9 with D-transposition of the great arteries {S,D,D} and isolated 
cleft of the mitral valve, (b) Systolic frame from a standard short-axis plane 
demonstrating cleft attachments to the rightward aspect of the LVOT - 
typical for ICMV with normally related great arteries in the same patient as 
seen in Figure 14.6. (Videos 14.6 and 14.7). 


Supravalvar mitral ring 

Supravalvar mitral ring is a challenging lesion to image [58,68] 
and requires a high index of suspicion and diligence on the part 
of the imager. One should suspect this lesion in the setting of 
congenital MS with an increasing degree of stenosis over time. 
The membrane is thin and often adherent to the atrial side of 
the leaflet with frequently only its edge visible. The 4-chamber 
apical views provide an interrogation angle perpendicular to 
the membrane, thereby enhancing visualization. Careful sweeps 



Figure 14.11 Diastolic frame from a parasternal short-axis plane 
demonstrating a double-orifice mitral valve. Note the equal size of each 
orifice and their location above their respective papillary muscle groups. 
(Video 14.8). 

utilizing appropriate gain and compression settings, transducer 
selection and targeted magnification of the leaflets is key (Fig¬ 
ure 14.12a,b; Video 14.9). Any uncertainty about the presence 
or absence of this diagnosis following a thorough transthoracic 
examination should prompt a transesophageal echocardiogram 
(Figure 14.13). 

Typical congenital MS and parachute mitral valves 

Congenital MS and parachute mitral valves are best imaged 
in the apical (Figure 14.14a-c; Videos 14.10 and 14.11), and 
ventricular long- and short-axis planes. The subxiphoid win¬ 
dow in infants and younger children typically gives a higher 
yield than the parasternal window. Slow, targeted sweeps of the 
mitral apparatus utilizing magnification mode provide optimal 
visualization to differentiate subtypes of mitral stenosis (Figure 
14.15a,b; Videos 14.12 and 14.13). 

Congenital giant left atrium (GLA) 

Imaging is focused on assessing the overall size of the left atrium, 
distortion of other cardiac structures including the atrial sep¬ 
tum and ventricular septum, and narrowing of the inferior vena 
cava or superior vena cava. The left atrial size is best assessed 
from the apical 4-chamber view. It is important to image the full 
extent of the left atrial cavity with slow sweeps. Measurements of 
size should be performed in similar imaging planes for a given 
patient to limit variability. The morphology and function of the 
mitral and aortic valves should be thoroughly examined given 
the frequent association of GLA with rheumatic heart disease. 
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Figure 14.12 (a) Diastolic frame from an apical window demonstrating congenital mitral stenosis and a supravalvar mitral ring (SVMR). Note the 
prominent papillary muscle that extends further toward the annulus than in a normal apparatus, the accompanying shortened chordae and hypoplasia of 
the annulus. The membranous SVMR (arrow) is seen as a thin projection from the atrial side of the leaflet, extending from the annulus into the supravalvar 
flow orifice, (b) Color Doppler in the same imaging plane demonstrating flow acceleration beginning just prior to the annulus - a characteristic finding in 
SVMR. When present this should prompt the imager to undertake an extensive search for an unrecognized SVMR. Note the additional egress from the 
inflow (arrow) directed medially via an abnormal intrachordal space. This type of complex inflow orifice makes accurate measurement of the flow orifice 
area particularly challenging (see text). (Video 14.9). 



Figure 14.13 Systolic frame from a transesophageal echocardiogram, 
mid-esophageal 4-chamber view in the same patient as seen in Figure 14.12. 
Note the enhanced visualization of the supravalvar mitral ring provided by 
TEE. The membrane is now conspicuous, extending from both the lateral 
aspect of the atrial side of the leaflet and the medial aspect (arrow). 


Mitral stenosis (MS) - flow orifice assessment 

In general, the challenge of defining and grading the degree 
of stenosis is a significant one that is best addressed utiliz¬ 
ing all available clinical (signs and symptoms), hemodynamic, 
and imaging data. Similar to other congenital lesions, a single 
echocardiographic parameter that accurately characterizes the 
degree of stenosis does not exist. Flow orifice area (effective 
valve area) is the best available measure of stenosis. In many 
types of congenital MS, however, defining the minimal flow ori¬ 
fice is not possible due to the complex anatomy of the flow 
orifice, which is often not the mitral valve annulus [35]. This 
is particularly true of lesions addressed in this chapter - MS 
that is not associated with annular hypoplasia. Nevertheless, 
annular dimensions appropriately adjusted for body surface area 
(see Chapter 5) and expressed as a z-score have been shown 
to predict outcome [69] and should be obtained using magni¬ 
fied diastolic frames from the apical 4-chamber (lateral dimen¬ 
sion) and parasternal long-axis views (antero-posterior dimen¬ 
sion). Calculation of the mitral valve area using planimetry is 
a well-established technique in adults [70,71] and has shown 
good agreement with anatomic measurements from explanted 
intact mitral valves [72]. The valve is imaged in the parasternal 
short-axis view and the maximal orifice is planimetered to cal¬ 
culate the area; again, indexing to body surface area is critical. It 
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Figure 14.14 (a) A late-systolic frame in typical congenital mitral stenosis from an apical 4-chamber view. Note the thickened and short chordae (arrow), 
(b) An early diastolic frame - note the rolled and thickened leaflet tips, the reduced orifice size and doming of the middle aspect of the anterior leaflet 
(arrow), (c) Color Doppler with flow acceleration in the distal aspect of the inflow (arrow indicates the annulus level). Note the proximal isovelocity 
surface area (PISA) aliased lines representing increasing velocity “shells” as the flow approaches the small orifice. (Videos 14.10 and 14.11). 


is crucial that careful attention is given to the acoustic window 
that profiles the mitral inflow cone in its short axis, which may 
be off-angle relative to the left ventricular short axis, and then 
defining the smallest flow orifice with careful sweeping. Fig¬ 
ure 14.16 (Videos 14.10 and 14.12) demonstrates the potential 
limitations of this technique in congenital MS. Although three- 
dimensional (3D)-echocardiography promises better definition 
of the minimal flow orifice [73] in adults and older children, the 


underlying complex anatomy and the high heart rates of infants 
challenge the special and temporal resolution of current 3D tech¬ 
nology. 

Surrogate parameters to flow orifice area can be divided into 
two main categories: 

1 those based on the continuity principle (flow orifices in con¬ 
tinuity with one another must handle equal total flow in a 
given short time interval) - this includes Doppler-derived 



(a) 



(b) 


Figure 14.15 (a) Diastolic frame short-axis plane 
from a subxiphoid window in typical congenital 
mitral stenosis. Note separate well-spaced 
papillary muscle groups (arrows), (b) Diastolic 
frame, short-axis plane from a subxiphoid 
window demonstrating a parachute mitral valve. 
Note the presence of a hypoplastic anterolateral 
papillary muscle (arrow) that receives no chordae, 
which is the most common arrangement in the 
parachute lesion (see text). ALPM, anterolateral 
papillary muscle group; PMPM, posteromedial 
papillary muscle group. (Videos 14.12 and 14.13). 
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Figure 14.16 Diastolic frames in an apical 
4-chamber plane (a) and subxiphoid 
short-axis plane (b) in the same patient as seen 
in Figure 14.15a. Note that the orifice appears 
falsely adequate in the short-axis view, due to 
the relationship of the distal aspect of the 
leaflets to the orifice - the leaflet adjacent to 
the orifice runs nearly parallel to the orifice 
(a). When imaging in the orthogonal plane 
(white dashed line) it is difficult to locate this 
exact plane, thus the orifice is inadequately 
characterized and appears larger. (Videos 
14.10 and 14.12). 



continuity equation and flow convergence zone analysis 
(proximal isovelocity surface area, or PISA; see Chapter 6); 

2 the pressure response to flow across a narrowed orifice - 
which includes Doppler-obtained pressure gradient and pres¬ 
sure half-time (PHT). 

Both categories require obtaining accurate instantaneous peak 
velocities by spectral Doppler. Proper alignment of the range¬ 
gated Doppler beam (cursor) with the MV inflow is the first 
step in accurately characterizing the velocity. This is achieved 
by interrogation of the mitral valve flow orifice from an acous¬ 
tic window that provides adequate spectral Doppler signal at the 
optimal angle of interrogation; this acoustic window is optimal 
for Doppler interrogation, and may be different than the optimal 
acoustic window for 2D visualization of anatomy and measure¬ 
ment of structures. Typically, this is a modified apical window, 
but restricting oneself to a standard view is a mistake that can 
lead to a misrepresentation of the gradient. 

The mean MV gradient is a useful surrogate to mitral valve 
area [74,75]. It is obtainable in most patients, even in those 
with poor acoustic windows. When compared with simulta¬ 
neous catheterization, the mean Doppler gradient shows good 
agreement [76], with a mean difference of 0.2 ±1.2 mmHg. 
As detailed previously, the dependence of gradient on cardiac 
output is strong and explains why nonsimultaneous compari¬ 
son with an invasive gradient yields poor agreement, both in 
large studies of adult subjects [77] and in smaller pediatric 
cohorts [55,56,78]. Recording the heart rate as a measure of car¬ 
diac output is useful for serial comparison. The presence of less 
than a full systemic cardiac output (ASD or low cardiac out¬ 
put state) needs to be recognized when using flow-based mea¬ 
sures of mitral stenosis. Limited published data exist on what 
level of gradient constitutes significant stenosis. A mean gradi¬ 
ent >3 mmHg [68] or peak >12 mmHg [55] has been used as 


the definition of significant mitral stenosis in native valves; and 
a peak >19 mmHg as severe MS following MV replacement [79]. 

Doppler-derived PHT is based on the principle that the rate 
of pressure gradient decline varies with the degree of obstruc¬ 
tion. Its utility in congenital MS is limited. With increasing 
obstruction the pressure gradient across the valve is maintained 
for a longer time. The PHT is the time needed for the initial 
peak pressure gradient to decrease by half. The relationship pro¬ 
posed by Hatle et al. [80] is MV area (cm 2 ) = 220/PHT (ms). 
The constant 220 is empirically derived based on adults using 
the Gorlin [81,82] method of value area as the reference stan¬ 
dard. Many studies in adults have examined this correlation [71]; 
however, only one investigation utilized the more robust ref¬ 
erence standard of direct anatomic measurement of explanted 
valves [72,83]. In that study, PHT showed reasonable correlation 
(r = 0.80) with explanted MV areas. Of note, the same inves¬ 
tigation showed 2D-echocardiographic planimetry had signifi¬ 
cantly better correlation (r = 0.95), with a mean difference near 
zero and limits of agreement of -0.21 to +0.29 cm 2 [84]. PHT 
is also dependent on both atrial and ventricular compliance, the 
initial transmitral pressure gradient and the heart rate [84,85], 
all of which are dynamic variables in normal growing children 
and markedly altered in congenital heart disease. In addition, 
as shown in a Doppler study on newborns [86], diastolic filling 
is shifted to later in diastole with increasing heart rate, which 
alters the PHT independent of the flow orifice area. Given the 
above, PHT has little role in congenital MS and its use should be 
reserved for adult-sized pediatric patients, and always assessed 
in the context of other measures of stenosis. 

Prenatal assessment 

Typically, only severe cases of MVP (as in neonatal Marfan 
syndrome) will be diagnosed prenatally. However, it is possible 
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Figure 14.17 Diastolic frame in a short-axis plane in a fetus of 31-week 
gestation, demonstrating a double-orifice mitral valve. RV, right ventricle; 
VS, ventricular septum; (Video 14.14). 

to diagnose ICMV, SMV, mitral stenosis, and DOMV (Figure 
14.17; Video 14.14) by fetal echocardiography. In general, these 
rare lesions are diagnosed by interrogating the MV apparatus 
from all available acoustic windows, which allows identification 
of the chordal and papillary muscle positions, leaflet number, 
presence of a cleft, and valve size [1] and integrity. When an 
abnormal conotruncus is found, a diligent search for ICMV and 
SMV in the context of an assessment of possible biventricular 
repair is critical. Given the current spatial and temporal resolu¬ 
tion of fetal imaging, subtle forms of the above lesions, such as 
nonclassic MVP, ICMV with NRG A and no VSD, and DOMV 
with a chordal ring, may go undetected. As with any fetal 
examination, the impact of missing these lesions needs to be 
appreciated in the context of their overall favorable prognosis. 
The hemodynamic significance of mitral stenosis can be diffi¬ 
cult given the redundancy of the fetal circulation at the atrial 
septal and ductal levels, which can lead to less than full cardiac 
output traversing the mitral valve. Defining the MV apparatus 
as above, including careful measurement of the annulus and a 
thorough Doppler interrogation of ascending aorta, transverse 
arch, ductus, and foramen ovale, provides insight into the 
physiology and aids in characterizing the degree of stenosis. 

Echocardiographic guidance of transcatheter and 
surgical treatment 

The surgical advances made in the last two decades in MV plasty 
[42] have added considerable complexity to the perioperative 
transesophageal echocardiographic (TEE) interrogation of MV 


anatomy and function [87,88]. Critical to this success is an accu¬ 
rate assessment of the exact mechanism underlying the MV dys¬ 
function, which requires a systematic, thorough interrogation 
of the MV apparatus and, importantly, effective communica¬ 
tion between the imaging team and surgeon. This interchange 
is dynamic and ongoing during surgical MV plasty. The en face 
view of the valve (Figure 14.3) provides a foundation for the 
nomenclature as well as a vantage point for systematic interro¬ 
gation. Briefly, the esophageal 4-chamber view is obtained with 
minimal transducer angulation (0-15 degrees); the mitral valve 
is then scanned from the superior, mid and lower esophageal 
locations, which typically profiles the Al-Pl, A2-P2 and A3-P3 
segment coaptation, respectively. The commissural view from 
the mid-esophagus with 45-70 degrees of angulation and the 
transgastric en face view (0-10 degrees of angulation with ante¬ 
flexion) provide additional views to verify which leaflet seg¬ 
ments are dysfunctional. This interrogation method provides a 
foundation that can be modified to evaluate the more complex 
lesions of ICMV, SMV, DOMV, and congenital MS. 

Balloon valvuloplasty for congenital mitral stenosis is uti¬ 
lized when the mitral disease is the predominant lesion (i.e., not 
hypoplastic left heart syndrome), other surgically correctable 
lesions are absent and the anatomy of the valve narrowing is 
favorable [55,56,89]. Importantly, a supravalvar mitral ring must 
be definitively excluded as balloon valvuloplasty of this lesion 
has poor outcomes compared with surgery [56]. As the long¬ 
term morbidity following mitral valve replacement in growing 
children is significant [79], palliative valvuloplasty is an option 
in selected patients. 

Imaging of the adult and postoperative 
assessment 

Transthoracic echocardiography (TTE) in adults with SMV, 
DOMV and ICMV is typically limited by poor acoustic win¬ 
dows - especially from the subxiphoid views, which are critical 
in ICMV and SMV. As the ventricular long-axis views are stan¬ 
dard in adult imaging and MVP is diagnosed from this plane, the 
previously discussed issues around MVP and imaging approach 
to evaluate MVP is well suited to the adult patient. TTE assess¬ 
ment of the hemodynamic severity of MS using color and spec¬ 
tral Doppler in adults is typically achievable, even in those with 
poor acoustic windows; however, the details of the morphol¬ 
ogy and exact mechanism of the mitral valve apparatus dys¬ 
function are often incompletely characterized with TTE alone. 
Transesophageal echocardiography (discussed earlier) is, in gen¬ 
eral, ideally suited to image the MV due to the close proxim¬ 
ity of the probe to the MV apparatus. Surgical repair has been 
advocated for congenital GLA due to the frequent morbidities of 
atrial tachycardia [16] and compressive effects [7,17,18]. Imag¬ 
ing following resection is straightforward as therapy is generally 
curative [8,18]. 

Postoperatively, there are numerous potential issues sur¬ 
rounding the above lesions, but the basic aspects of valvar com¬ 
petence (regurgitation) and the adequacy of the flow orifice 
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(stenosis) are central. Following mitral valve repair or replace¬ 
ment, a thorough evaluation of residual MS, mitral regurgita¬ 
tion, paravalvar leaks, and normal motion of prosthetic valves is 
performed. Serial mean gradients from appropriately obtained 
spectral Doppler interrogation provide a repeatable, consistent, 
and simple means of follow-up. As mentioned previously, the 
limitation of gradient should be noted and heart rate during 
interrogation recorded. 


Videos 

To access the videos for this chapter, please go to www.lai 
-echo.com. 

Video 14.1 Parasternal long-axis view showing mild bileaflet mitral 
valve prolapse. Note the displacement of both the anterior and pos¬ 
terior leaflets beyond the annular plane. 

Video 14.2 Subxiphoid short-axis sweep showing isolated cleft of 
the mitral valve anterior leaflet. Note the horizontal orientation of 
the cleft attachments in this patient with normally related great 
arteries. 

Video 14.3 Modified view obtained from a subxiphoid window 
profiling an isolated cleft of the mitral valve (ICMV) in an infant 
with D-transposition of the great arteries {S,D,D}. Note the vertical 
orientation of the cleft attachments, typical for ICMV with trans¬ 
position or double-outlet right ventricle. The cleft attaches to the 
leftward aspect of the left ventricular outflow. 

Video 14.4 Modified long-axis view obtained from a subxiphoid 
window profiling major straddling of the mitral valve in an infant 
with double-outlet right ventricle (DORV) {S,D,D}. Note the 
commissure of the straddling valve with attachments within the 
infundibulum and the marked degree of straddling that would com¬ 
plicate biventricular repair. 

Video 14.5 A modified short-axis view obtained from a subxiphoid 
window profiling major straddling of the mitral valve (SMV) in an 
infant with TGA {S,D,D} pulmonary stenosis. Note the inferior 
positioned tricuspid valve (TV) inflow and the straddling via the 
anterior (outflow) aspect of the ventricular septum. 

Video 14.6 Parasternal short-axis plane profiling the exact location 
of the cleft attachments to the leftward aspect of the left ventric¬ 
ular outflow tract (LVOT) in D-transposition of the great arteries 
{S,D,D} and isolated cleft of the mitral valve. 

Video 14.7 Parasternal short-axis plane demonstrating cleft attach¬ 
ments to the rightward aspect of the LVOT - typical for ICMV with 
normally related great arteries. 

Video 14.8 A parasternal short-axis plane demonstrating a double¬ 
orifice mitral valve. Note the equal size of each orifice and their loca¬ 
tion above their respective papillary muscle groups. 


Video 14.9 Apical window demonstrating congenital mitral steno¬ 
sis and a supravalvar mitral ring (SVMR). Note the prominent pap¬ 
illary muscle that extends further toward the annulus than in a nor¬ 
mal apparatus, the accompanying shortened chordae and hypopla¬ 
sia of the annulus. The membranous SVMR is seen as a thin projec¬ 
tion from the atrial side of the leaflet, extending from the annulus 
into the supravalvar flow orifice. Color Doppler in the same imaging 
plane demonstrating flow acceleration beginning just prior to the 
annulus - a characteristic finding in SVMR, which if present should 
prompt the imager to undertake an extensive search for an unrec¬ 
ognized SVMR. Note the additional egress from the inflow directed 
medially via an abnormal intrachordal space. This type of complex 
inflow orifice makes accurate measurement of the flow orifice area 
particularly challenging (see text). 

Video 14.10 Typical congenital mitral stenosis from an apical 4- 
chamber view. Note the thickened and short chordae, the rolled and 
thickened leaflet tips, the reduced orifice size and the diastolic dom¬ 
ing of the middle aspect of the anterior leaflet. 

Video 14.11 Color Doppler of typical congenital mitral stenosis 
from an apical 4-chamber view. Note the flow acceleration in the 
distal aspect of the inflow with the proximal isovelocity surface area 
(PISA) aliased lines representing increasing velocity “shells” as the 
flow approaches the small orifice. 

Video 14.12 A short-axis plane from a subxiphoid window in 
typical congenital mitral stenosis. Well-spaced papillary muscle 
groups are readily appreciated in this short-axis plane - excluding 
parachute mitral valve morphology (Video 14.13). Note that the ori¬ 
fice appears falsely adequate in the short-axis view, due to the rela¬ 
tionship of the distal aspect of the leaflets to the orifice - the leaflet 
adjacent to the orifice runs nearly parallel to the orifice. This aspect 
of the anatomy is only appreciated in orthogonal views (apical 4- 
chamber, Video 14.10). 

Video 14.14 A short-axis plane in a fetus of 31 weeks’ gestation 
demonstrating a double-orifice mitral valve. 
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Definition 

The term common atrioventricular canal describes a group 
of cardiac defects characterized by abnormalities of the struc¬ 
tures derived from the endocardial cushions during embry- 
ologic development of the heart. In these lesions, both atria 
are connected to a common (single) atrioventricular valve. 
Typically there are deficiencies in the atrial and ventric¬ 
ular septa as well as abnormalities of the atrioventricular 
valves. Of note, there are several different terms used to 
describe the atrioventricular canal including endocardial cush¬ 
ion defect, atrioventricular septal defect, common atrioventric¬ 
ular orifice, and atrioventricularis communis. For the remain¬ 
der of this chapter the term common atrioventricular canal 
defect (CAVC) will be used because it is anatomically cor¬ 
rect and is inclusive of the abnormality of the atrioventricular 
valve. 

There is a spectrum of disease from an exclusive atrial com¬ 
munication to a large ventricular communication that usu¬ 
ally dictates the physiology and the clinical course of CAVC. 
There is also a range of abnormalities of the common atri¬ 
oventricular valve and incompetence of the valve is the norm. 
CAVC defects are commonly associated with Down syndrome. 
At least 40% of children with Down syndrome have congeni¬ 
tal heart disease and of those, CAVC is one of the most com¬ 
mon lesions seen along with isolated ventricular septal defect 
(VSD) [1]. 

Incidence 

The incidence of CAVC is approximately 34.8 per 100,000 live 
births (range 24.2 to 39.6 per 100,000 live births), representing 
the ninth most common congenital heart lesion [2]. The inci¬ 
dence is likely higher in the fetal population since termination of 
pregnancy is sometimes performed if congenital heart disease or 
a chromosomal abnormality such as Down syndrome is detected 
before birth. 


Etiology 

A strong link exists between CAVC and Down syndrome (tri¬ 
somy 21). In fact, the risk of CAVC is 1000-fold compared to 
those with normal chromosomes. Despite this known associ¬ 
ation, the responsible gene on chromosome 21 has yet to be 
identified. Recently, DSCAM (Down syndrome cell adhesion 
molecule) has been proposed as a possible candidate gene [3]. 
CAVC can also have an autosomal dominant pattern of inher¬ 
itance or occur sporadically [4]. An association with chromo¬ 
some 8p deletion and familial clusters with different modes of 
inheritance have also been reported [5,6]. CAVC is also seen fre¬ 
quently in association with the heterotaxy syndrome, particu¬ 
larly the asplenia (right isomerism) type. 

Morphology and classification 
Developmental considerations 

Prior to the formation of the endocardial cushions, cardiac jelly 
expands in the region between the atria and the primitive ventri¬ 
cles, the so-called atrioventricular canal. The endocardial cush¬ 
ions are the primordia of the valves and septa of the developed 
heart which form as a result of epithelial-to-mesenchymal trans¬ 
formation [7]. Embryos that fail to develop these cushions expe¬ 
rience demise once a fully functional heart is required in late 
gestation. The endocardial cushions are made up of mesenchy¬ 
mal tissue and are divided into superior, inferior, right, and left 
cushions. The atrioventricular canal septum is formed, at least 
in part, by the superior and inferior endocardial cushions which 
contribute to septation of the outlet portion of the atria and the 
inlet portion of the ventricles. If the endocardial cushions fail 
to fuse, likely as a result of abnormal migration of mesenchy¬ 
mal cells, the canal portions of the atrial and ventricular septa 
do not develop. In addition, abnormalities of atrioventricular 
valve development occur, particularly affecting the septal leaflet 
of the tricuspid valve and the anterior leaflet of the mitral valve. 
Detailed description of development of the endocardial cushions 
can be found in several publications [7-9]. 
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Figure 15.1 (a) Diagram showing the complete form of CAVC with a large atrial and large ventricular communication and a common atrioventricular 
valve orifice over both ventricles, (b) Diagram showing the rare form of CAVC with no atrial communication but a large ventricular septal defect. The 
atrioventricular valve sits more superior in the defect closing off the atrial communication, (c) Diagram of the incomplete form of CAVC with a large atrial 
communication, no ventricular communication, and two atrioventricular valve orifices. The atrioventricular valve sits more interiorly and adheres to the 
ventricular septum closing off the ventricular communication. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 


Anatomy 

CAVC is categorized in several ways. The deficiency in the atri¬ 
oventricular septum is the same in all forms with the relation¬ 
ship of the atrioventricular valve within that defect being vari¬ 
able. Indeed, if the atrioventricular valve leaflets are removed in 
a heart specimen with CAVC, it is not possible to distinguish 
between the various subtypes. The complete form of CAVC (Fig¬ 
ures 15.1a and 15.2a) is characterized by an interatrial commu¬ 
nication antero-inferior to the margin of the fossa ovalis and 
adjacent to the atrioventricular valves, along with a large pos¬ 
terior VSD along the septal leaflet of the atrioventricular valve 
extending into the vicinity of the membranous septum, giving 
the ventricular septum a scooped-out appearance (Figures 15.2a 
and 15.3). Instead of two distinct atrioventricular valves, there is 
a common atrioventricular valve with a common annulus. Typ¬ 
ically there is at least one mural, or lateral, leaflet positioned 
exclusively over the right ventricle and one mural leaflet posi¬ 
tioned exclusively over the left ventricle that can be variable 
in size [10]. Moreover, in contrast to the normal tricuspid and 
mitral valves, there are two leaflets that bridge the crest of the 


ventricular septum in the superior and inferior position (Fig¬ 
ures 15.3 and 15.4a,b). The superior bridging leaflet distorts the 
atrioventricular junction and subsequently causes superior dis¬ 
placement (“unwedging”) of the aortic outflow tract; thus the 
aortic annulus no longer sits between the normal tricuspid and 
mitral valves (Figure 15.4b). As a result, the length of the left 
ventricle from the atrioventricular valve annulus to the apex is 
foreshortened and the length from the apex to the aortic valve 
annulus is elongated (typically these measures are equal in length 
in the normal heart) (Figure 15.5) [11]. The inferior bridging 
leaflet has extensive chordal attachments to the crest of the ven¬ 
tricular septum while the chordal attachments of the superior 
leaflet are variable and have been subclassified by Rastelli and 
colleagues (Figure 15.6) [12]. In Rastelli type A, the superior 
bridging leaflet is divided at the level of the ventricular septum 
(Figure 15.7). In type B arrangement, the rarest form, division of 
the superior bridging leaflet occurs at a right ventricular papil¬ 
lary muscle. In type C, the superior bridging leaflet is undivided 
or “free floating”; this is the most rudimentary form of CAVC 
and common in Down syndrome (Figure 15.8). Rastelli type A 


Figure 15.2 (a) Waxed anatomic specimen of 
a left ventricular view of the ventricular 
septum in the complete form of CAVC 
demonstrating the scooped-out appearance of 
the ventricular septum from the VSD with 
some choral attachments of the 
atrioventricular valve (AVV) to the crest of the 
septum. (b)The same view in a waxed 
anatomic specimen of incomplete CAVC 
demonstrating that the atrioventricular valve 
(AVV) is adherent to the crest of the 
ventricular septum with no VSD component. 
The scooped-out appearance of the 
ventricular septum is still present despite no 
(a) Complete CAVC (b) Incomplete CAVC ventricular level shunting. 
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Figure 15.3 An anatomic specimen of complete CAVC in the left 
ventricular view of the ventricular septum shows the superior and inferior 
bridging leaflets crossing the ventricular septum into the left ventricle and 
the scooped-out appearance of the ventricular septum. 


is more commonly associated with preoperative left ventricular 
outflow obstruction in part because of increased elongation of 
the outflow tract [13]. The complete form of CAVC is typically 
seen in children with Down syndrome. In a more unusual form 
of complete CAVC, the atrioventricular valve leaflets sit superi¬ 
orly in the atrioventricular defect such that the atrial communi¬ 
cation is trivial or absent and the ventricular communication is 
large (Figure 15.1b). Even rarer is the CAVC defect where atri¬ 
oventricular valve tissue fills in the atrial and ventricular com¬ 
munications and there is no shunting whatsoever. 

The incomplete (also known as partial) form of CAVC is char¬ 
acterized by an interatrial communication in the canal portion of 
the atrial septum (located between the antero-inferior margin of 
the fossa ovalis and the atrioventricular valves) with a common 
atrioventricular annulus in association with two atrioventricular 
valve orifices (Figure 15.1c). This form is often called ostium pri- 
mum atrial septal defect. However, this term does not describe 
the atrioventricular valve abnormality or the fact that the defect 
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Figure 15.4 (a) Diagram depicting the relationship of the mitral and tricuspid valves to the aortic valve in a normal heart. The aortic valve sits wedged 
between the two atrioventricular valves, (b) The same view is depicted in this diagram of CAVC. The superior and inferior bridging leaflets are 
demonstrated with the “cleft” where the two bridging leaflets come together at the ventricular septum. The aortic valve is unwedged anteriorly as a result of 
the position of the superior bridging leaflet. 
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Figure 15.5 Diagram showing that the length of inflow and outflow are the 
same in the left ventricle of the normal heart. In CAVC, the outflow length 
is elongated because of the unwedged aortic valve. 


in the atrioventricular septum is the same as in the complete 
form of CAVC. The distinction is that the atrioventricular valve 
tissue is adherent to the crest of the ventricular septum forming a 
connecting tongue, thus allowing no ventricular level shunt (Fig¬ 
ures 15.2b and 15.9). Though the two orifices are separate, the 
valves do not resemble normal tricuspid and mitral valves, and 
thus the term mitral valve “cleft” is a misnomer. In fact the so- 
called “cleft” is the deficit of atrioventricular valve tissue where 
the superior and inferior bridging leaflets meet at the ventricu¬ 
lar septum (Figure 15.10). Atrioventricular valve regurgitation 
at the level of apposition of the superior and inferior bridging 
leaflets in CAVC is the norm. 

There is an intermediate form in the spectrum of CAVC 
known as transitional type typified by significant chordal attach¬ 
ments of the superior bridging leaflet to the ventricular septum 
with some shunting through these chordae at the ventricular 
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Figure 15.6 Rastelli classification. Type A: The superior bridging leaflet is 
divided at the level of the ventricular septum, Type B: Division of the 
superior bridging leaflet occurs to a right ventricular papillary muscle, 
Type C: The superior bridging leaflet is undivided or “free floating” 



Superior bridging leaflet 
attached to ventricular septum 


Figure 15.7 Anatomic specimen showing the right atrial view looking 
down toward common atrioventricular valve. This view demonstrates 
Rastelli type A anatomy with division of the superior bridging leaflet at the 
ventricular septum. 


level. The VSD component is typically restrictive with subsys- 
temic pulmonary artery pressure. 

In CAVC, the relationship of the atrial septum to the com¬ 
mon atrioventricular valve may be balanced or unbalanced. In 
the balanced form, the atrial septum sits over the ventricular 
septum with relatively equal distribution of atrial inflow to the 
right and left side of the atrioventricular valve. Rarely, the atrial 
septum is malaligned in relation to the ventricular septum (also 
known as “double-outlet atrium”) such that the atrial septum is 
deviated predominantly towards the left atrial inflow (double- 
outlet right atrium) or the right atrial inflow (double-outlet left 
atrium) (Figure 15.11a,b). Inflow into the contralateral ventric¬ 
ular can be obstructed in some cases. 

Maldistribution of the atrioventricular valve over the ventri¬ 
cles occurs much more commonly than double-outlet atrium 
and accounts for 10% of all cases of CAVC [14]. When the 
atrioventricular valve sits more over one ventricle than the 
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Figure 15.8 Anatomic specimen showing the right atrial view looking 
down toward common atrioventricular valve. This view demonstrates 
Rastelli type C anatomy with a free-floating superior bridging leaflet. 
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Figure 15.9 Anatomic specimen of incomplete CAVC in the left 
ventricular view of the ventricular septum demonstrating the scooped-out 
appearance of the ventricular septum with the atrioventricular valve 
adherent to the septum and no VSD component. This view highlights the 
“cleft” of the left-sided atrioventricular valve. 


other, the contralateral ventricle is typically hypoplastic (Figures 
15.11c,d and 15.12a,b). Unbalance to the right (with left ventric¬ 
ular hypoplasia) is more common and is often associated with 
other levels of left-sided obstruction, including coarctation of 
the aorta. In its most extreme form, unbalance to the right is 
a variant of hypoplastic left heart syndrome, sometimes with no 
left ventricular cavity seen. Unbalance to the left (with right ven¬ 
tricular hypoplasia) can be associated with pulmonary outflow 



Figure 15.10 Waxed specimen cut in the subcostal sagittal 
echocardiographic view showing that the orientation of the “cleft” is 
perpendicular to the ventricular septum. The normal anterior leaflet is 
more parallel to the ventricular septum. 



Figure 15.11 (a) Diagram showing double-outlet right atrium with 
malalignment of the atrial septum toward the left atrium, (b) Diagram 
showing double-outlet left atrium with malalignment of the atrial septum 
toward the right atrium, (c) Diagram showing unbalanced CAVC to the 
right with concomitant left ventricular hypoplasia, (d) Diagram showing 
unbalanced CAVC to the left with concomitant right ventricular 
hypoplasia. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right 
ventricle. 


obstruction and tetralogy of Fallot. Unbalance of the atrioven¬ 
tricular valve in relationship to the ventricular septum can occur 
in all forms of CAVC. 

In CAVC, the left ventricular anterolateral papillary muscles 
are often more closely spaced than normal [15]. Left atrioven¬ 
tricular valve abnormalities can also be seen in approximately 
5% of CAVC, most typically double orifice or single papillary 
muscle (parachute) [15-17]. These lesions are more common 
in incomplete CAVC and can also be seen in association with 
unbalanced defects to the right with concomitant left ventricu¬ 
lar hypoplasia. Such valve abnormalities may complicate surgical 
repair with possible residual left atrioventricular valve regurgi¬ 
tation, stenosis, or both [17,18]. 

CAVC frequently has associated lesions including tetralogy of 
Fallot (usually seen in children with Down syndrome), patent 
ductus arteriosus, coarctation of the aorta, and left ventricular 
outflow tract obstruction. Secundum type atrial septal defects 
and additional VSDs can also be seen. In heterotaxy syndrome, 
CAVC is common particularly in the asplenia (right isomerism) 
type. 
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(a) Unbalanced CAVC to left (b) Balanced CAVC 


Atrioventricular canal type VSD (otherwise known as inlet 
type VSD) can exist as an entity without a common atrioven¬ 
tricular junction. These are defects along the septal leaflet of 
the tricuspid valve often with straddling of the tricuspid valve 
chordae into the left ventricle. Often the ventricular septum 
is malaligned in these cases with concurrent right ventricular 
hypoplasia. These defects are frequently seen in association with 
complex congenital heart disease. Further detail about this type 
of VSD can be found in Chapter 12. 


Pathophysiology 

The clinical course of a patient with CAVC defect is variable 
and depends on the magnitude of atrial and ventricular level 
shunting, the severity of atrioventricular valve regurgitation, the 
degree of unbalance at the level of the ventricles if present, and 
other associated lesions. In the balanced form of CAVC, ventric¬ 
ular level left-to-right shunting is determined almost exclusively 
by the pulmonary vascular resistance since the defect is large and 
unrestrictive with right ventricular and pulmonary artery pres¬ 
sure at systemic level. In the early newborn period, symptoms 
are few but as the pulmonary vascular resistance decreases over 
the first 6-8 weeks of life, the amount of left-to-right ventricular 
shunting increases with a concomitant increase in pulmonary 
blood flow and volume overload to the left atrium and ventricle. 
If left uncorrected, this defect will result in symptoms of con¬ 
gestive heart failure including growth failure, respiratory symp¬ 
toms, and tachycardia. 

When the atrial septal defect is the predominant lesion, the 
left-to-right shunt is determined by the relative compliance of 
the right and left ventricles. Shunting increases over the first few 
months of life as right ventricular compliance increases. Atrial 
level shunting causes dilation of the right atrium, right ventricle 


Figure 15.12 Anatomic wax specimens cut in 
the apical 4-chamber view, (a) Looking 
toward the superior bridging leaflet, the 
specimen demonstrates unbalance of the 
atrioventricular valve to the left with right 
ventricular hypoplasia, (b) A specimen in the 
same view with a common atrioventricular 
valve that is well balanced over both 
ventricles. LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle. 

and pulmonary arteries. If atrial level shunting is in isolation, 
most young children tolerate this increased pulmonary blood 
flow well and are asymptomatic but dyspnea or growth failure 
can occur in some cases [19]. In those with transitional type of 
CAVC, restrictive ventricular level shunting is seen in combina¬ 
tion with the atrial level shunt. Depending on the magnitude of 
the ventricular level shunting, some will have evidence of heart 
failure while others with smaller shunts will not. Atrioventric¬ 
ular valve regurgitation particularly of the left atrioventricular 
valve can also cause an undue volume burden on the left atrium 
and ventricle resulting in cardiomegaly and symptoms of heart 
failure. 

If CAVC is not surgically addressed, pulmonary vascular dis¬ 
ease will likely ensue. This will occur earlier (within the first year 
of life) in those with large ventricular communications but can 
also occur in those with exclusive atrial communication in later 
decades of life. Though the restrictive VSD in the transitional 
type of CAVC can close over time with atrioventricular valve tis¬ 
sue, the ostium primum atrial septal defect and the large CAVC 
type VSD do not typically close spontaneously. 

Those children with Down syndrome and CAVC are at higher 
risk for the development of pulmonary vascular obstructive dis¬ 
ease within the first year of life [16]. Studies of children with 
and without Down syndrome have demonstrated that those with 
Down syndrome are more likely to have elevated pulmonary vas¬ 
cular resistance at the time of surgical repair [16]. Noncardiac 
issues may come into play in Down syndrome including chronic 
airway obstruction and central hypoventilation. 


Imaging 

CAVC is imaged from multiple acoustic windows. Two- 
dimensional (2D) imaging provides excellent visualization of the 
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anatomy in CAVC and is utilized along with color and spec¬ 
tral Doppler techniques to perform a comprehensive anatomic 
and physiologic evaluation of the defect. Three-dimensional 
(3D) echocardiography augments 2D imaging by demonstrat¬ 
ing details of atrioventricular valve anatomy and function as 
well as assessment of the left ventricular outflow tract. Trans¬ 
esophageal echocardiography (TEE) often used to assess sur¬ 
gical repair of CAVC, can be utilized as a diagnostic tool 
in patients with suboptimal transthoracic windows or incon¬ 
clusive diagnosis. Rarely, cardiac catheterization is required 
before surgery to augment the information provided by the 
echocardiogram. 

Key elements 

Preoperative imaging: 

■ Determination of atrial septal defect size and additional 
defects 

■ Determination of ventricular septal defect size, and additional 
defects 

■ Anatomy of atrioventricular annulus, valve(s), and chordal 
attachments 

• Rastelli classification 

• Assessment of atrioventricular valve leaflet anatomy and 
size 

• Assessment for left (parachute, double orifice) and right 
(Ebstein anomaly) atrioventricular valve anomalies 

• Assessment of number and spacing of the left ventricular 
papillary muscles 

■ Assessment for atrial or ventricular level unbalance 

• Relationship of atrial septum to inlet and ventricular septum 

• Distribution of atrioventricular valve over the ventricles 
(subxiphoid view) 

• Assessment of atrioventricular valve annulus and inflow 
into the ventricle by color in unbalanced CAVC (apical 4- 
chamber view) 

• Determination of severity of ventricular hypoplasia 

■ Assessment of etiology of left ventricular outflow tract 
obstruction if present 

■ Hemodynamic assessment 

• Flow direction of atrial and ventricular septal defect (by 
color and spectral Doppler) 

• Peak instantaneous pressure gradient across the VSD 
(if present) to estimate right ventricular pressure by 
continuous-wave (CW) Doppler 

• Assessment of severity of atrioventricular valve regurgita¬ 
tion by color flow mapping 

• Evidence of hemodynamic load to the left or right ventricle 
(dilation, increased flow across pulmonary outflow, and left 
atrioventricular valve inflow) 

• Estimation of right ventricular systolic pressure based on 
tricuspid regurgitation jet velocity by CW Doppler (in cases 
of restrictive or no VSD) 

• Assessment of severity of left ventricular or right ventricular 
outflow tract obstruction if present 


■ Measures of systolic and diastolic biventricular function 

■ Detection of associated lesions, particularly patent ductus 
arteriosus, coarctation of the aorta, secundum type atrial sep¬ 
tal defect, additional VSD, or tetralogy of Fallot 

Postoperative imaging: 

■ Assessment for residual atrial or ventricular level shunting 

■ Size of residual atrial septal defect or VSD, if present 

■ Direction of flow in residual defects 

■ Assessment of atrioventricular valve function 

• Atrioventricular valve regurgitation 

• Atrioventricular valve stenosis, if present (mean gradient in 
mmHg) 

• Estimate of right ventricular pressure by right atrioventric¬ 
ular valve regurgitation jet 

■ Measures of biventricular systolic and diastolic function 

■ Assessment of left ventricular outflow tract for subaortic 
stenosis. 

Transthoracic imaging 

Complete CAVC 

Subxiphoid imaging provides excellent windows to evaluate the 
atrial septum and the relationship of the common atrioventric¬ 
ular valve to the septum. In particular, the subxiphoid frontal 
(long-axis) (Video 15.1) view and the “in-between” left ante¬ 
rior oblique (LAO) acoustic sweep demonstrate the size of the 
ostium primum type atrial septal defect (Figure 15.13a; Video 
15.2). Additional atrial communications are seen in these planes 
as well. Color Doppler in subxiphoid frontal or LAO view shows 
atrial level shunt direction (Figure 15.13b; Video 15.3). The sub¬ 
xiphoid frontal view also demonstrates the unwedging of the 
aortic outflow and abnormal elongation of the left ventricular 
outflow tract with the resultant curve in the ascending aorta, 
the so-called “goose-neck deformity” (Figures 15.14 and 15.15; 
Video 15.1). The subxiphoid LAO view is ideal to image the 
common atrioventricular valve “en face” to assess how much 
is apportioned to each ventricle (i.e., determination of balance, 
Figure 15.16) [20]. The subxiphoid sagittal (short-axis) view 
can also be utilized to assess the anatomy of the atrioventric¬ 
ular valve; chordal attachments of the atrioventricular valve to 
the ventricular septum can be seen in this view and can deter¬ 
mine Rastelli classification. Often, the size of the ventricular 
septal defect is difficult to determine in subxiphoid imaging 
because the probe sweeps through the defect without highlight¬ 
ing its edges. The papillary muscles can be identified in subx¬ 
iphoid sagittal view and are often located counterclockwise to 
their position in a normal heart. The presence of a solitary pap¬ 
illary muscle and an eccentric orifice of the valve should be high¬ 
lighted as a complicating factor for the repair of the left atrioven¬ 
tricular valve [15]. 

The apical window is not ideally suited for evaluation of the 
atrial septum because of false dropout of the acoustic signal 
from the parallel orientation of the ultrasound beam relative to 
the atrial septum. However, the 4-chamber view is extremely 
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Figure 15.13 (a) Subxiphoid left anterior oblique view demonstrating a large ostium primum atrial septum defect. LA, left atrium; RA, right atrium; RPA, 
right pulmonary artery; SVC, superior vena cava, (b) Same view with color flow mapping showing left-to-right shunting at the ostium primum atrial septal 
defect. 


useful when imaging CAVC because it displays the orienta¬ 
tion of the atrioventricular valve within the atrioventricular sep¬ 
tal defect, thus helping to determine the size of the atrial and 
ventricular communication (Figure 15.17; Video 15.4). In rare 
cases, the AV valve is attached to the atrial septum, and there 
is only a VSD component (Video 15.5). Chordal attachments 
in relation to the ventricular septum can also be demonstrated 
in this plane. Tilting of the transducer from posterior to ante¬ 
rior in this view often reveals the full scope of the VSD and 
helps diagnose additional septal defects [21]. In addition, this 
view best demonstrates atrioventricular valve inflow and valve 


Ao 


•Gooseneck 

deformity 


Superior 

bridging 

leaflet 


Figure 15.14 Anatomic specimen cut in subcostal frontal view 
demonstrating how the superior bridging leaflet in CAVC causes the 
displacement of the left ventricular outflow tract This anatomic finding has 
been called a “gooseneck deformity,” pathognomonic for this lesion. Ao, 
aorta. 



Figure 15.15 Subxiphoid frontal view demonstrating the “gooseneck 
deformity” of the left ventricular outflow tract in CAVC. Ao, aorta; LV, left 
ventricle; RV, right ventricle. 



Figure 15.16 Subxiphoid left anterior oblique view of the common 
atrioventricular valve seen “en face” in the open position. This view can be 
used to assess the severity of unbalance of the valve over the ventricles. 
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subxiphoid windows. In addition, it is important to distinguish 
between atrial and ventricular level shunting in this view based 
on location and timing of color Doppler flow (Figure 15.19a,b). 
Parasternal short-axis plane at the level of the ventricular 
septum highlights the VSD (Video 15.6). It also identifies 
additional muscular defects. The superior and inferior bridging 
leaflets of the left atrioventricular valve are also demonstrated 
often with atrioventricular valve regurgitation through the 
“cleft” (Figure 15.20; Video 15.7). Papillary muscle orientation 
is also seen in this view. 

Incomplete and transitional CAVC 

Imaging goals are similar for the incomplete and transitional 
forms of CAVC. Subxiphoid LAO and sagittal views are partic¬ 
ularly useful to demonstrate that the two atrioventricular valves 
are anatomically abnormal with bridging of the superior leaflet 
across the ventricular septum. In fact, the subxiphoid sagittal 
view often helps clinch the diagnosis of CAVC because a normal 
anterior leaflet of the mitral valve is parallel to the ventricular 
septum while the “cleft” in an incomplete CAVC has a perpen¬ 
dicular orientation to the ventricular septum (Figure 15.21a,b). 
LAO view highlights the ostium primum atrial septal defect well. 
(Figure 15.13a,b; Videos 15.2 and 15.3). Double-orifice mitral 
valve and other left atrioventricular valve abnormalities are more 
common in the incomplete form and therefore should be ruled 
out in all cases (Video 15.8). Three-dimensional imaging can be 
very helpful in the diagnosis of left atrioventricular valve abnor¬ 
malities such as double-orifice (Figure 15.22; Video 15.8) and 
parachute valves (Video 15.9). 

Apical 4-chamber demonstrates nicely the position of the atri¬ 
oventricular valve and its close proximity to the ventricular sep¬ 
tum. Often there is atrioventricular valve tissue under the AV 
valve “filling in” the VSD component and some would consider 
this a transitional AV canal even if there is no longer VSD flow 
present (Figure 15.23). In incomplete forms of the defect, the AV 


Figure 15.18 Apical 4-chamber view in color 
compare mode of a patient with complete 
CAVC demonstrating a large ostium primum 
ASD and significant common AV valve 
regurgitation which tracks along both sides of 
the atrial septum. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 


Figure 15.17 Apical 4-chamber view demonstrating a large atrial and large 
ventricular communication in this patient with complete CAVC. The 
common AV valve is closed but can be identified as a single common valve. 
More superior or inferior location of the valve alters the size of the atrial 
and ventricular communications. LA, left atrium; LV, left ventricle; RA, 
right atrium; RV, right ventricle. 

regurgitation (Figure 15.18). Subjective and quantitative mea¬ 
sures of atrioventricular valve regurgitation can be performed 
using this view as well. The apical 5-chamber view helps iden¬ 
tify left ventricular outflow tract obstruction with quantitation 
of severity by pulsed-wave (PW) and continuous-wave (CW) 
Doppler. 

Parasternal long-axis view helps in the estimation of the 
severity of atrioventricular valve regurgitation. A low left 
parasternal short-axis view can often provide additional imag¬ 
ing of the atrial septum, particularly in patients with suboptimal 
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Figure 15.19 (a) Parasternal long-axis view 
with color flow in diastole demonstrates the 
atrial level left-to-right shunting in a patient 
with complete CAVC. This flow is often 
confused with ventricular level shunting, (b) 
Color flow in systole in the same patient shows 
the ventricular level shunting underneath the 
AV valve. 


valve is typically completely adherent to the ventricular septum 
(Figure 15.24). Apical 4-chamber view also helps identify atri¬ 
oventricular valve regurgitation (usually through the left-sided 
“cleft”) (Video 15.10). Ventricular level shunting, if identified, 
can often be seen in this view including shunting from the left 
ventricle to the right atrium (Figure 15.25; Video 15.10). In tran¬ 
sitional CAVC, the amount of ventricular level shunting may 
be minimal; color Doppler is useful to detect a small defect. 
Parasternal short-axis can be used to align the spectral Doppler 
for quantitative estimate of the pressure gradient across the VSD. 

Left ventricular outflow tract 

With the left ventricular outflow tract elongation of CAVC, 
obstruction can occur both before and after surgical interven¬ 
tion. Outflow obstruction is more common in the incomplete 
form and in Rastelli A subtype. Etiology of outflow tract obstruc¬ 
tion varies and includes abnormal chordal attachments to the 
left ventricular side of the septum, discrete subaortic membrane, 
septal hypertrophy, and anomalous or prominent anterolateral 
papillary muscle [22]. The apical 5-chamber view displays the 


left ventricular outflow tract well. It also allows for an appro¬ 
priate angle of interrogation to identify obstruction by Doppler. 
The parasternal long-axis view also displays the left ventricular 
outflow tract well and identifies cause of obstruction at this level 
(Figure 15.26; Video 15.11). 

Unbalanced CAVC 

Unbalance at the level of the atria is quite rare. When suspected, 
it is best seen in the apical 4-chamber view (Figure 15.27a). Atrial 
inflow can be evaluated with color Doppler (Figure 15.27b). PW 
and CW Doppler performed in this view can help determine if 
there is obstruction across the atrioventricular valve inlet and 
the severity of that obstruction (by measurement of the mean 
inflow gradient). The contralateral atrium may appear hypoplas¬ 
tic. 

When there is unbalance at the level of the ventricle, the sub- 
xiphoid LAO or sagittal view help determine how much of the 
valve is apportioned to each ventricle (Figure 15.28) [20]. Api¬ 
cal 4-chamber view provides additional information because the 
severity of ventricular hypoplasia is usually best exhibited in 



Figure 15.20 Parasternal short-axis view at the 
level of the left AV valve demonstrates the 
“cleft” associated with CAVC. The superior and 
inferior bridging leaflets cross the ventricular 
septum in a perpendicular fashion. This view 
typically shows atrioventricular valve 
regurgitation through the “cleft.” 
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Figure 15.21 (a) Subxiphoid sagittal view in a normal heart exhibiting the anterior leaflet (ant leaf) in parallel with the ventricular septum. PA, pulmonary 
artery (b) The same view in CAVC demonstrates that the superior and inferior bridging leaflets are perpendicular to the ventricular septum. 


this plane (Figure 15.29a,b; Videos 15.12 and 15.13). In addi¬ 
tion, color flow in diastole can demonstrate how much inflow 
(if any) crosses into the hypoplastic ventricle by measuring the 
secondary color Doppler inflow diameter (Figure 15.30; Video 
15.14). In right dominant unbalanced CAVC, limited inflow into 
the left ventricle is a risk factor for poor outcome of biventricu¬ 
lar repair [23]. Other echocardiographic features of left ventric¬ 
ular adequacy can also be used to help determine whether biven¬ 
tricular repair can be successfully performed including direc¬ 
tion of flow at the VSD in systole (right-to-left flow is a risk 


factor for poor outcome) and direction of flow in the trans¬ 
verse aortic arch (retrograde flow is a risk factor for poor out¬ 
come) [20]. Moreover, right dominant unbalanced CAVC can 
be associated with a hypoplastic left mural leaflet (Figure 15.31; 
Video 15.15). If the mural leaflet is small, the “cleft” makes up 
the primary commissure of the left AV valve which may result 
in significant AV valve regurgitation after biventricular repair. 
Assessment for distal levels of obstruction, particularly at the 
outflow tract and the arch (unbalance to the right) are also 
important components of the echocardiographic assessment of 
unbalanced CAVC. 


Figure 15.22 Three-dimensional image (from LV to left atrium) of a 
patient with incomplete CAVC who also has double-orifice left AV valve. 
There is a cleft in the large orifice and a smaller second orifice seen in the 
open position. 


Additional defects 

Defects commonly associated with CAVC are generally dis¬ 
cussed in other chapters. However, certain lesions deserve men¬ 
tion. Subxiphoid imaging, 4-chamber and parasternal views help 
confirm the association of CAVC with tetralogy of Fallot (Video 
15.16). In this combination of defects, anterior malalignment of 
the conal septum is seen in association with the features of com¬ 
plete CAVC (usually with Rastelli type C). 

A patent ductus arteriosus should always be ruled out in 
CAVC, particularly in children with Down syndrome. The high 
parasternal view (“ductal” view) is used to confirm its presence. 
Suprasternal imaging is used to determine arch sidedness, to rule 
out coarctation of the aorta, and to confirm normal systemic 
and pulmonary venous connections (of particular importance 
in those with heterotaxy syndrome). 

Prenatal assessment 

In fetal echocardiography, the 4-chamber view readily identifies 
most of the anatomic features of CAVC including the common 
atrioventricular valve and its position within the atrioventricu¬ 
lar defect, the size of the atrial communication and the size of the 
VSD (Figure 15.32; Video 15.17). Gooseneck deformity can be 
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Figure 15.23 Apical 4-chamber view in color 
compare mode demonstrates a small ostium 
primum ASD with left-to-right flow AV valve 
tissue is seen filling in the VSD thus there is no 
ventricular level shunting. Though there is no 
VSD shunting, some would still define this as a 
transitional CAVC. LA, left atrium; RA, right 
atrium. 


seen on fetal echocardiography as well (Video 15.18). A short- 
axis sweep of the heart may demonstrate the common atrioven¬ 
tricular valve straddling the ventricular septum or the view of 
the “cleft” similar to the postnatal view (Video 15.19). This is 
especially useful in fetuses with a small or no ventricular sep¬ 
tal defect. Color Doppler is used to identify direction of flow in 
the defects but is dependent on the angle of interrogation. Fetal 
flow patterns are demonstrated including right-to-left atrial level 
shunting and bidirectional flow at the VSD. Common atrioven¬ 
tricular valve regurgitation if present can also be seen. Severe 
atrioventricular valve regurgitation is poorly tolerated by the 



Figure 15.24 Apical 4-chamber view demonstrates an incomplete CAVC. 
There is a large ostium primum ASD and the right atrium is dilated from 
the atrial level shunt. The AV valves are in the open position (at the same 
level) and are adherent to the ventricular septum. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 


fetus and can result in heart failure and hydrops fetalis. Unbal¬ 
ance of the atrioventricular valve over the ventricles can also 
be seen with concomitant hypoplasia of the contralateral ven¬ 
tricle. CAVC with heterotaxy syndrome is suspected in prenatal 
diagnosis if the associated findings are identified such as sys¬ 
temic venous anomalies, conotruncal abnormalities, or anoma¬ 
lous pulmonary venous connection [24]. Complete heart block 
is sometimes seen in association with CAVC in the fetus and out¬ 
come in this group of patients is uniformly quite poor [24]. Serial 
fetal echocardiography is suggested if the diagnosis of CAVC is 
made before birth to observe for progression of disease. When 
counseling families with this fetal diagnosis, amniocentesis is 
suggested since there is a significant association of CAVC with 
Down syndrome. 

Imaging of the adult 

Imaging the adult with CAVC can be quite challenging, partic¬ 
ularly in those with Down syndrome. The subxiphoid acoustic 
window is typically not feasible in the adult patient because of 
limited ultrasound penetration at that distance from the heart. 
Thus, accurate assessment of the atrial communication (ostium 
primum defect) may be difficult. In contrast, the apical window 
provides much information in the adult with CAVC, including 
relative size and dilation of the ventricles, subjective assessment 
of biventricular shortening, the relationship of the atrioven¬ 
tricular valve within the defect, and severity of atrioventricular 
valve regurgitation. Importantly, right ventricular pressure 
estimate can be performed in this view to help determine if pul¬ 
monary artery pressure is elevated. Most adults with unrepaired 
complete CAVC will have evidence of pulmonary vascular 
disease and may even demonstrate signs of Eisenmenger 
syndrome with right-to-left shunting at the ventricular level 
(Figure 15.33). Incomplete CAVC is occasionally diagnosed in 
adulthood because symptoms may not occur until the third or 
fourth decade of life. Similar views to those used for complete 
CAVC are required to make the diagnosis. The full extent of the 
ostium primum atrial communication may not be appreciated 
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Figure 15.25 Apical 4-chamber view in color 
compare mode of a transitional CAVC 
demonstrates a small left ventricle to right atrial 
shunt through the atrioventricular valve. Ao, 
aorta; LA, left atrium; LV, left ventricle; RA, 
right atrium; RV, right ventricle. 




Figure 15.26 Parasternal long-axis view of a patient with incomplete CAVC 
demonstrating left AV valve chord crossing the left ventricular outflow 
tract causing obstruction. Ao, aorta; LA, left atrium; RV, right ventricle. 


on transthoracic imaging. Transesophageal echocardiogra¬ 
phy (TEE) provides an excellent alternative to transthoracic 
imaging, particularly in adults with poor acoustic windows. 
The probe is in close proximity to the atrial septal structures 
and atrioventricular valves and imaging of these regions is 
improved. Cardiac magnetic resonance imaging can offer a 
noninvasive alternative to TEE in adults with suspected CAVC. 


Intraoperative assessment 

Intraoperative imaging to assess the CAVC repair is typically 
performed using TEE. Epicardial imaging should be consid¬ 
ered in patients in whom TEE is contraindicated or consid¬ 
ered hazardous (e.g., very small infant or esophageal disease). 
Preoperative TEE imaging, if performed, confirms the diagno¬ 
sis and may enhance or alter surgical planning (Video 15.20). 
Though transthoracic imaging provides most of the informa¬ 
tion required for surgical intervention, preoperative TEE can 
help identify atrioventricular valve morphology and the etiol¬ 
ogy of atrioventricular valve regurgitation. Postoperative TEE 


Figure 15.27 (a) Apical 4-chamber view of a 
patient with complete CAVC shows 
double-outlet right atrium (RA) with 
malalignment of the atrial septum in 
relationship to the ventricular septum. The left 
atrium (LA) is small and the right ventricle 
(RV) is also hypoplastic because the AV valve is 
mildly malaligned toward the left ventricle 
(LV). There is a large ASD and VSD component 
in this patient, (b) Color flow in the same 
patient demonstrates a narrow jet from the left 
atrium into the ventricles. 
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Figure 15.28 Subcostal left anterior oblique view demonstrating mild 
unbalance of the common atrioventricular valve to the right. More of the 
valve opens into the right ventricle (RAW) than the left ventricle (LAW). 
Ao, aorta. 


imaging is performed as the patient is weaned from cardiopul¬ 
monary bypass to assess adequacy of the repair (Video 15.21). 
The procedure identifies residual atrial and ventricular septal 
defects, severity of residual atrioventricular valve regurgitation 
(Figure 15.34a), and the potential development of atrioventricu¬ 
lar valve stenosis (Figure 15.34b). Global assessment of ventric¬ 
ular function is also performed. Determination of the signifi¬ 
cance of residual VSDs can be challenging. In general, a residual 
defect less than 3 mm at its greatest diameter will not require 
surgical re-intervention while defects greater than 4 mm will 
require immediate re-operation. In borderline cases or in very 
small infants, intraoperative hemodynamic assessment of the 



residual shunt (by measuring Qp:Qs via oxygen saturation mea¬ 
surements) can help in the decision process [25]. 

Underestimation of the severity of atrioventricular valve 
regurgitation on intraoperative TEE compared to postoperative 
transthoracic assessment is common [26,27]. These differences 
are likely related to alterations in preload, afterload and inotropic 
support from the immediate post-bypass period to the more sta¬ 
ble postoperative state. Moreover, color Doppler assessment may 
be interpreted differently with TEE in comparison to transtho¬ 
racic echocardiography. Despite these limitations, intraoperative 
TEE is a useful screening tool to determine whether immediate 
re-intervention is necessary. 

Three-dimensional assessment 

CAVC is the ideal lesion to image using 3D echocardiography. 
Three-dimensional planes can be used to identify the atrioven¬ 
tricular valve anatomy and highlight the “cleft” (Figure 15.35) 
as well as anomalies such as double-orifice left atrioventricular 
valve or parachute valve (Figure 15.22; Videos 15.8 and 15.9). 
These distinctions are important to identify prior to surgical 
intervention and alter the risk of the repair. Three-dimensional 
imaging can also demonstrate the magnitude of the atrioven¬ 
tricular septal defect and its relationship to the atrioventricular 
valve. A newer technology of 3D, 3D color, should help quanti¬ 
tate severity of atrioventricular valve regurgitation. 

Follow-up assessment 

Follow-up echocardiographic assessment is an important com¬ 
ponent of the long-term care of the patient with CAVC. Except 
in unusual circumstances, surgical intervention is almost always 
recommended for this defect. At present, there are no viable 
medical or catheter-directed therapeutic options for this lesion. 
Repair of CAVC generally involves patch closure of the atrial 
and ventricular communication (if present) using a one-patch or 



Figure 15.29 (a) Apical 4-chamber view showing severe right dominant unbalanced complete CAVC with left ventricular hypoplasia. The atrioventricular 
valve sits almost entirely over the right ventricle, (b) The same view showing left dominant unbalanced complete CAVC with marked right ventricular 
hypoplasia. 
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Figure 15.30 Apical 4-chamber view in color 
compare mode demonstrating a right dominant 
unbalanced CAVC with narrowed inflow into 
the left ventricle (LV) compared to flow from 
the right atrium (RA) to the right ventricle 
(RV). There is a large atrial communication and 
flow can be seen from the left atrium (LA) to 
the RV. LAW, left atrioventricular valve; RA, 
right atrium. 



two-patch technique with suture approximation of the superior 
and inferior bridging leaflets on the left ventricular side (Fig¬ 
ure 15.36) [28]. 

Surveillance soon after repair includes assessment for residual 
atrial and ventricular communications, residual atrioventricu¬ 
lar valve regurgitation as well as assessment for pericardial effu¬ 
sion. Residual atrial septal defects are unusual but can occur. 
Small residual ventricular septal defects are common [25,29]. 
Color Doppler is a very sensitive technique to assess for resid¬ 
ual shunts. VSDs less than 2 mm in diameter will often close 
spontaneously after CAVC repair [30]. CW Doppler can be used 
to measure the peak velocity of the VSD jet and help estimate 
right ventricular pressure, particularly when there is no right 
atrioventricular valve regurgitation. Assessment for resolution 
of pulmonary hypertension by estimation of right ventricular 



Figure 15.31 Subxiphoid left anterior oblique view showing a right 
dominant unbalanced CAVC with a small left-sided mural leaflet. Note that 
the commissure between the superior (sup) bridging leaflet and the inferior 
(inf) bridging leaflet makes up the majority of the valve and is at risk for 
significant regurgitation after biventricular repair. Ao, aorta. 


pressure is also important, particularly in those with complete 
CAVC, Down syndrome, or late diagnosis. 

Assessment of left atrioventricular valve function is one of 
the most important components of the postoperative evalua¬ 
tion of CAVC. This evaluation includes assessment of degree 
of atrioventricular valve regurgitation. Most repairs of CAVC 
include at least partial closure of the left atrioventricular valve 
“cleft” to enhance left atrioventricular valve function (Video 
15.22). Left-sided atrioventricular valve regurgitation is the 
primary indication for re-operation in patients with repaired 
CAVC (Video 15.23). Significant atrioventricular valve regur¬ 
gitation seen on the preoperative echocardiogram is a risk fac¬ 
tor for severe regurgitation on the postoperative study [31,32]. 



Figure 15.32 Fetal echocardiogram demonstrates a fetus with a complete 
CAVC. Note the opened common atrioventricular valve (CAW). Ao, 
aorta; LA, left atrium; LV, left ventricle; RA, right atrium. 
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Residual or recurrent left atrioventricular valve regurgitation 
typically occurs at the interface of the superior and inferior 
bridging leaflets but can occur at the other commissures as well. 
Three-dimensional echocardiography can help determine the 
location and etiology of left atrioventricular valve regurgitation 
after repair [33]. Early primary repair, before significant atri¬ 
oventricular valve regurgitation develops, may help prevent re¬ 
operation in some cases [34,35]. 

Postoperative assessment for left atrioventricular valve steno¬ 
sis is important as well. Left atrioventricular valve leaflet motion 
may be limited by “cleft” closure (Figure 15.37; Video 15.24). 
More severe stenosis can occur with suture closure of the cleft 
in those with smaller valves preoperatively. It can also been seen 
in those with single papillary muscles or maldistribution of the 
common atrioventricular valve during surgical division. 

Long-term assessment of CAVC repair includes surveillance 
for progression of left atrioventricular valve regurgitation or 


Figure 15.33 Apical 4-chamber view in color 
compare mode of a patient with complete 
CAVC and Eisenmenger syndrome. Note that 
the VSD jet is shunting right-to-left and the 
right ventricle (RV) is significantly 
hypertrophied. LA, left atrium; LV, left 
ventricle; RA, right atrium. 

stenosis. In addition, evaluation of ventricular function and esti¬ 
mation of pulmonary artery pressure remain important. Left 
ventricular outflow tract obstruction, if present preoperatively, 
may progress in the long term and may impact aortic valve func¬ 
tion. In some cases, subaortic stenosis may occur months to 
years after repair (Video 15.25). 

Many techniques have been developed to assess left atrioven¬ 
tricular valve regurgitation. Importantly, no method is gold stan¬ 
dard especially in the pediatric population. Both qualitative and 
quantitative methods exist and all have limitations. The majority 
of echocardiographers continue to utilize the qualitative method 
of estimating the left atrioventricular valve regurgitation jet area 
compared to the left atrium area [36]. This method has been 
reported in correlation with angiographic grading in children 
[37]. It does not require complicated calculation and can be per¬ 
formed serially in the same patient to assess for progression over 
time. A recent study suggests that all quantitative methods of 



(a) (b) 

Figure 15.34 (a) TEE image in 4-chamber view in a patient after repair of complete CAVC shows significant left AV valve regurgitation. Note the patch 
across the atrioventricular septum, (b) Inflow during diastole in the same patient shows acceleration of flow across the left AV valve suggesting stenosis of 
this valve likely from cleft closure. 





Chapter 15 Common Atrioventricular Canal Defects 275 



Figure 15.35 Three-dimensional image of the left atrioventricular valve in 
a patient with incomplete CAVC highlighting the trifoliate orientation of 
the valve and the cleft directed toward the ventricular septum. 


assessing severity of atrioventricular valve regurgitation in the 
CAVC population are flawed with significant intraobserver vari¬ 
ability [38]. The hemodynamic impact of valve regurgitation can 
also be assessed. Left atrial and left ventricular dilation are com¬ 
mon when atrioventricular regurgitation is severe. Other quanti¬ 
tative methods include proximal isovelocity surface area (PISA), 
vena contracta (regurgitant jet area), and assessment of severity 
pulmonary venous flow reversal [39]. Discussion of these meth¬ 
ods can be found in Chapters 6 and 14. 

Echocardiography demonstrates most of the important 
characteristics of all forms of CAVC defects. Diagnostic car¬ 
diac catheterization for these lesions is usually not required 
unless there is concern for increased pulmonary vascular 
resistance. Postoperative echocardiographic surveillance helps 


diagnose residual or recurrent abnormalities that may require 
intervention. 
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Videos 

To access the videos for this chapter, please go to www.lai 
-echo.com. 

Video 15.1 Subxiphoid frontal view in a patient with complete 
CAVC. The large ostium primum ASD is seen with anterior sweep 
followed by the common AV valve and the VSD is seen underneath 
the valve. 

Video 15.2 Subxiphoid left anterior oblique view demonstrating a 
large ostium primum atrial septal defect. Note that the right pul¬ 
monary artery posterior to the superior vena cava is dilated from the 
atrial level left-to-right shunt. At the end of the clip, there is acceler¬ 
ation of flow across the pulmonary valve likely from the large atrial 
level left-to-right shunt. 

Video 15.3 Subxiphoid left anterior oblique view with color 
Doppler in the same patient as Video 15.2 showing left-to-right 
shunting at the ostium primum atrial septal defect. 

Video 15.4 Apical 4-chamber view in color compare mode of a 
patient with a complete CAVC. Note the large atrioventricular com¬ 
munication and the common AV valve. With color Doppler, small 
multiple jets of AV valve regurgitation can be seen. 

Video 15.5 Apical 4-chamber view in color compare mode of a 
patient with the rare form of CAVC where the AV valve is adherent 


Figure 15.36 Apical 4-chamber view in color 
compare mode in a postoperative patient with 
complete CAVC demonstrating a single patch 
closing the atrial and ventricular septal defects. 
The patch also divides the common 
atrioventricular valve into a right and left 
atrioventricular valve. Note the minimal 
residual left and right AV valve regurgitation. 
LA, left atrium; RA, right atrium; RV, right 
ventricle. 
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Figure 15.37 Apical 4-chamber view in color 
compare mode demonstrates limited excursion 
of the left AV valve leaflets. Color Doppler 
demonstrates inflow acceleration and mild left 
AV valve stenosis after “cleft” closure. LA, left 
atrium; LV, left ventricle; RA, right atrium; RV, 
right ventricle. 


to the atrial septum such that there is no atrial communication but 
a large VSD. There is still a common AV valve annulus in these 
cases with a “cleft” of the left-sided AV valve. 

Video 15.6 Parasternal short-axis view in color compare mode of a 
patient with complete CAVC. A sweep through the ventricular sep¬ 
tum demonstrates the posterior location of the VSD. The bridging 
leaflets of the common AV valve can be seen as the sweep is directed 
toward the base of the heart. A small patent ductus arteriosus is also 
present. 

Video 15.7 Parasternal short-axis view in color compare mode of a 
patient with complete CAVC. This clip highlights the “cleft” between 
the superior and inferior bridging leaflets. The large AV canal type 
VSD with left-to-right flow is also seen. 

Video 15.8 Three-dimensional echocardiography clip in paraster¬ 
nal short-axis (from LV to left atrium) of a patient with incomplete 
CAVC who also has double-orifice left AV valve. The white arrows 
indicate the two openings. A cleft is seen in the larger orifice. 

Video 15.9 Three-dimensional echocardiography clip in paraster¬ 
nal short-axis (from LV to left atrium) of a patient with incomplete 
CAVC who also has a parachute left AV valve. The small, eccentric 
orifice is seen. 

Video 15.10 Apical 4-chamber view in color compare mode of a 
transitional CAVC demonstrates a small left ventricle to right atrial 
shunt through the atrioventricular valve. Left AV valve regurgitation 
is also seen through the “cleft.” 

Video 15.11 Parasternal long-axis view in a patient with incom¬ 
plete CAVC demonstrates subaortic stenosis caused by left AV valve 
chordal tissue attaching to the ventricular septum. 

Video 15.12 Apical 4-chamber view showing severe right domi¬ 
nant unbalanced complete CAVC with left ventricular hypopla¬ 
sia. The atrioventricular valve sits almost entirely over the right 
ventricle. 


Video 15.13 Apical 4-chamber view showing left dominant unbal¬ 
anced complete CAVC with right ventricular hypoplasia. The atri¬ 
oventricular valve sits almost entirely over the left ventricle. 

Video 15.14 Apical 4-chamber view in color compare mode 
of severe right dominant unbalanced CAVC with the common 
atrioventricular valve emptying almost exclusively into the right 
ventricle. Color Doppler inflow (in red) enters exclusively into the 
right ventricle with no inflow seen into the left ventricle because the 
common AV valve obstructs flow into the left ventricle in the open 
position. 

Video 15.15 Three-dimensional echocardiography clip in paraster¬ 
nal short-axis view showing a small left-sided mural leaflet. The 
“cleft” makes up the majority of the left AV valve and is at risk for 
regurgitation. 

Video 15.16 Subxiphoid sagittal view with color Doppler demon¬ 
strating a patient with complete CAVC with tetralogy of Fallot. The 
common AV valve is seen and the conal septum is seen malaligned 
anteriorly resulting in subpulmonary stenosis. 

Video 15.17 Fetal 4-chamber view demonstrates a complete CAVC 
with a large atrial and ventricular communication and a common 
AV valve. 

Video 15.18 Fetal image of complete CAVC demonstrates the left 
ventricular outflow tract which has a “gooseneck” deformity. 

Video 15.19 Fetal short-axis view of incomplete CAVC demon¬ 
strates the “cleft” of the left AV valve directed toward the ventricular 
septum. 

Video 15.20 Transesophageal echocardiogram (TEE) with color 
Doppler in the 4-chamber view of a patient with complete CAVC. 
There is a large atrial and ventricular communication. There is a 
trivial amount of AV valve regurgitation. 

Video 15.21 Intraoperative transesophageal echocardiogram 
(TEE) with color Doppler in the 4-chamber view of a patient with 
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complete CAVC after two-patch repair. The atrial and ventricular 
septal defect patches are seen. There is minimal right and left AV 
valve regurgitation. There is a small residual peripatch ventricular 
septal defect. 

Video 15.22 Parasternal short-axis view in color compare mode of 
a patient who has undergone cleft closure. There is minimal left AV 
valve regurgitation through the residual cleft. 

Video 15.23 Apical 4-chamber view in color compare mode 
demonstrating severe left AV valve regurgitation after complete 
CAVC repair. The left atrium is severely dilated. 

Video 15.24 Apical 4-chamber view in color compare mode of a 
patient with repaired complete CAVC after left AV valvuloplasty. 
There is mild residual left AV valve stenosis and mild residual left 
AV valve regurgitation. 

Video 15.25 Apical 5-chamber view in color compare mode 
zoomed into the left ventricular outflow tract. There is a chord 
across the subaortic region causing obstruction and there is mild 
aortic regurgitation. 

References 

1 Marx GR, Fyler DC. Endocardial cushion defects. In: Keane JF, Lock 
JE, Fyler DC (eds.) Nadas’ Pediatric Cardiology. Philadelphia, PA: 
Saunders Elsevier, 2006, pp. 663-674. 

2 Hoffman JI, Kaplan S. The incidence of congenital heart disease. / 
Am Coll Cardiol 2002;39:1890-1900. 

3 Barlow GM, Chen XN, Shi ZY, et al. Down syndrome and congenital 
heart disease: a narrowed region and a candidate gene. Genet Med 
2001;3:91-101. 

4 Maslen CL. Molecular genetics of atrioventricular septal defects. 
Curr Opin Cardiol 2004;19:205-210. 

5 Kumar A, Williams CA, Victorica BE. Familial atrioventricular sep¬ 
tal defect: possible genetic mechanisms. Br Heart J 1994;71:79-81. 

6 Devriendt K, Van Schoubroeck D, Eyskens B, et al. Prenatal diagno¬ 
sis of a terminal short arm deletion of chromosome 8 in a fetus with 
an atrioventricular septal defect. Prenat Diagn 1998;18:65-67. 

7 Loewy Kirby M. Endocardium, Cardiac Cushions, and Valve 
Development in Cardiac Development. New York, NY: Oxford 
University Press, 2007, pp. 119-131. 

8 Butcher J, Markwald RR. Valvulogenesis: the moving target. Phil 
Trans R Soc B 2007;2130:1-15. 

9 Eisenberg LM, Markwald RR. Molecular regulation of atrioventric¬ 
ular valvuloseptal morphogenesis. CircRes 1995;77:1-6. 

10 Barrea C, Levasseur S, Roman K et al. Three-dimensional 
echocardiography improves the understanding of left atrioven¬ 
tricular valve morphology and function in atrioventricular septal 
defects undergoing patch augmentation. / Thorac Cardiovasc Surg 
2005;129:746-753. 

11 Anderson RH, Ho SY, Falcao S, et al. The diagnostic features of atri¬ 
oventricular septal defect with common atrioventricular junction. 
Cardiol Young 1998;8:33-49. 

12 Rastelli GC, Ongley PA, Kirklin JW, McGoon DC. Surgical repair of 
complete form of persistent common atrioventricular canal. J Tho¬ 
rac Cardiovasc Surg 1968;55:299-308. 


Mahle WT, Shirali GS, Anderson RH. Echo-morphological corre¬ 
lates in patients with atrioventricular septal defect and common atri¬ 
oventricular junction. Cardiol Young 2006;16(Suppl. 3):43-51. 
Bharati S, Lev M. The spectrum of common atrioventricular orifice 
(canal). Am Heart J 1973;86:553-561. 

Kohl T, Silverman NH. Comparison of cleft and papillary muscle 
position in cleft mitral valve and atrioventricular septal defect. Am 
J Cardiol 1996;77:164-169. 

Clapp S, Perry BL, Farooki ZQ, et al. Down syndrome, complete 
atrioventricular canal and pulmonary vascular obstructive disease. 
/ Thorac Cardiovasc Surg 1990;100:115-121. 

Ilbawi MN, Idriss FS, DeLeon SY, et al. Unusual mitral valve abnor¬ 
malities complicating surgical repair of endocardial cushion defects. 
/ Thorac Cardiovasc Surg 1983;85:697-704. 

Michielon G, Stellin G, Rizzoli G, et al. Left atrioventricular valve 
incompetence after repair of common atrioventricular canal defects. 
Ann Thorac Surg 1995;60(6 Suppl.): S604-609. 

Weinberg M, Jr., Miller RA, Hastreiter AR, et al. Congestive heart 
failure in children with atrial septal defect. / Thorac Cardiovasc 
Surg 1966;51(l):81-87. 

Cohen MS, Jacobs ML, Weinberg PM, Rychik J. Morphometric 
analysis of unbalanced common atrioventricular canal using two- 
dimensional echocardiography. / Am Coll Cardiol 1996;28:1017- 
1023. 

Silverman NH, Zuberbuhler JR, Anderson RH. Atrioventricular 
septal defects: cross-sectional echocardiographic and morphologic 
comparisons. Int J Cardiol 1986;13:309-331. 

Draulans-Noe H, Weinink ACG. Anterolateral muscle bundle of the 
left ventricle in atrioventricular septal defect: left ventricular outflow 
tract and subaortic stenosis. Pediatr Cardiol 1991;12:83-88. 

Szwast AL, Marino BS, Rychik J, et al. Usefulness of left ven¬ 
tricular inflow index to predict successful biventricular repair in 
right-dominant unbalanced atrioventricular canal. Am J Cardiol 
2011;107:103-109. 

Cohen MS. Clarifying anatomical complexity: diagnosing hetero- 
taxy syndrome in the fetus. Prog Pediatr Cardiol (J Rychik (ed.)) 
2006;22:61-70. 

Yang SG, Novello R, Nicolson SC, et al. Evaluation of ventricular sep¬ 
tal defect repair using intraoperative transesophageal echocardiog¬ 
raphy: frequency and significance of residual defects in infants and 
children. Echocardiography 2000;17:681-684. 

Lee HR, Montenegro LM, Nicolson SC, et al. Usefulness of intraop¬ 
erative transesophageal echocardiography in predicting the degree 
of mitral regurgitation secondary to atrioventricular defect in chil¬ 
dren. Am J Cardiol 1999;83:750-753. 

Kim HK, Kim WH, Hwang SW, et al. Predictive value of intraoper¬ 
ative transesophageal echocardiography in completer atrioventricu¬ 
lar septal defect. Ann Thorac Surg 2005;80:56-59. 

Castaneda AR, Jonas RA, Mayer JE, et al. Atrioventricular canal 
defect. In: Cardiac Surgery of the Neonate and Infant. Philadel¬ 
phia, PA: W.B. Saunders Company, 1994, pp. 167-186. 

Rychik J, Norwood WI, Chin AJ. Doppler color flow mapping 
assessment of residual shunt after closure of large ventricular sep¬ 
tal defects. Circulation 1991;84:153-161. 

Dodge-Khatami A, Knirsch W, Tomaske M, et al. Spontaneous clo¬ 
sure of small residual ventricular septal defects after surgical repair. 
Ann Thorac Surg 2007;83:902-905. 

Ten Harkel AD, Cromme-Dijkhuis AH, Heinerman BC, et al. Devel¬ 
opment of left atrioventricular valve regurgitation after correction 


13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 


278 Part III Anomalies of the Systemic and Pulmonary Veins, Septa, and Atrioventricular Junction 


of atrioventricular septal defect. Ann Thorac Surg 2005;79:607- 
612. 

32 Murashita T, Kubota T, Oba J, et al. Left atrioventricular valve regur¬ 
gitation after repair of incomplete atrioventricular septal defect. Ann 
Thorac Surg 2004;77:2157-2162. 

33 Takahashi K, Guerra V, Roman KS, et al. Three-dimensional 
echocardiography improves the understanding of the mechanisms 
and site of left atrioventricular valve regurgitation in atrioventricu¬ 
lar septal defect. / Am Soc Echocardiogr 2006;19:1502-1510. 

34 Suzuki K, Tatsuno K, Kikuchi T, Mimori S. Predisposing factors of 
valve regurgitation in complete atrioventricular septal defect. J Am 
Coll Cardiol 1998;32:1449-1453. 

35 Boening A, Scheewe J, Heine K, et al. Long-term results after surgi¬ 
cal correction of atrioventricular septal defects. Eur J Cardiothorac 
Surg 2002;22:167-173. 


36 Helmcke F, Nanda NC, Hsiung M, et al. Color Doppler assess¬ 
ment of mitral regurgitation with orthogonal planes. Circulation 
1987;75:175-183. 

37 Wu YT, Chang AC, Chin AJ. Semiquantitative assessment of mitral 
regurgitation by Doppler color flow imaging in patients aged <20 
years. Am J Cardiol 1993;71:727-732. 

38 Prakash A, Lacro RV, Sleeper LA, et al. Challenges in echocar- 
diographic assessment of mitral regurgitation in children after 
repair of atrioventricular septal defect. Pediatr Cardiol 2012;33: 
205-214. 

39 Khanna D, Miller AP, Nanda NC, et al. Transthoracic and trans¬ 
esophageal echocardiographic assessment of mitral regurgitation 
severity: usefulness of qualitative and semi-quantitative techniques. 
Echocardiography 2005;22:748-769. 


PART IV 


Anomalies of the Ventriculo-arterial 
Junction and Great Arteries 




CHAPTER 16 


Anomalies of the Right Ventricular Outflow Tract 
and Pulmonary Valve 


Matthew S. Lemler and Claudio Ramaciotti 

Childrens Medical Center of Dallas, Dallas, TX, USA 


Malformation of the pulmonary valve 

Malformation affecting the pulmonary valve can lead to pul¬ 
monary stenosis and/or regurgitation. 

Incidence of pulmonary valve stenosis 

Pulmonary valve stenosis is defined as an obstruction at the level 
of the pulmonary valve. It is the fourth most common congen¬ 
ital heart lesion, occurring in approximately 53 (range 35-83) 
per 100,000 live births [1]. The valve abnormality is virtually 
always congenital, although acquired cases due to carcinoid dis¬ 
ease and rheumatic heart disease can rarely occur [2]. Presenta¬ 
tion is determined by the degree of obstruction, and can range 
from in utero or neonatal diagnosis in severe cases to discov¬ 
ery in the older patient evaluated for an asymptomatic mur¬ 
mur. Stenosis of the pulmonary valve is usually found in isola¬ 
tion. However, when the valve is dysplastic, there is an increased 
incidence of additional cardiac and noncardiac malformations 
[3]. Syndromes that are commonly associated with dysplastic 
pulmonary valve stenosis include Noonan, congenital rubella, 
Williams and Alagille syndromes [4,5]. 

Morphology and classification 

The normal pulmonary valve consists of three leaflets supported 
in a semilunar fashion within the sinuses of the pulmonary 
trunk. The free edges of each leaflet are appreciably longer than 
the chord of the sinus that supports it. This arrangement permits 
the leaflets to fit snugly together in the closed position [6]. Mor¬ 
phologic types of pulmonary valve stenosis can be divided into 
three categories: 

1 The most common form is the dome-shaped valve. Fusion, 
underdevelopment, or absence of the commissures result in 
a small central opening. The degree of fusion determines the 
size of the orifice. The valve leaflets remain mobile [3,6]. 


2 Thickened and mucoid leaflets with poor mobility are typi¬ 
cal of dysplastic pulmonary valves. The thickened, dysplastic 
leaflets are characteristically associated with a narrowed sino- 
tubular junction [6,7]. 

3 Unicuspid and bicuspid pulmonary valves rarely occur in 
isolation, and are classically associated with more complex 
lesions such as tetralogy of Fallot [7]. Bicuspid and quadricus- 
pid pulmonary valves occur in 0.1-0.2% of the general popu¬ 
lation [8]. Only 4% of quadricuspid pulmonary valves result in 
clinically important pathology; of these 33% result in stenosis 
and 67% cause regurgitation [9]. 

Poststenotic dilation of the main pulmonary artery is com¬ 
mon in patients with pulmonary valve stenosis. However, it does 
not occur in patients with dysplastic pulmonary valves. Addi¬ 
tionally, the degree of stenosis does not correlate with the size of 
the main pulmonary artery. 

Pathophysiology 

The clinical consequences of pulmonary valve stenosis are 
typically related to the degree of obstruction and the effect 
on the right ventricle (RV). Normal or only mild RV hyper¬ 
trophy occurs in response to mild or moderate pulmonary 
valve stenosis. Marked RV hypertrophy develops as a conse¬ 
quence of increased wall stress associated with severe stenosis 
(Figure 16.1a-c; Videos 16.1 and 16.2). Infundibular hypertro¬ 
phy may lead to anatomic and/or dynamic subvalvar obstruc¬ 
tion. Severe RV hypertrophy leads to reduced end-systolic defor¬ 
mation of the RV, diminished elastic recoil in early diastole and 
elevated RV pressure in early diastole [10]. Significant elevation 
of RV diastolic pressures results in the elevation of right atrial 
pressure and dilation of the right atrium. Right-to-left shunting 
may then occur in the presence of an atrial septal defect (ASD) 
or a patent foramen ovale (PFO) (Figure 16.Id). 
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Figure 16.1 Term infant with critical pulmonary valve stenosis prior to intervention, (a) Subcostal long-axis view: dysplastic pulmonary valve with systolic 
doming, (b) Subcostal short-axis view: systolic frame showing subvalvar narrowing secondary to dyanamic compression of hypertrophied muscle bundles, 
the intraventricular septum deviates towards the left ventricle, indicative of supra-systemic right ventricular systolic pressure, (c) Parasternal short-axis 
view: dilated main and proximal left pulmonary arteries, (d) Subcostal long-axis view: right-to-left flow across a patent foramen ovale. Ao, aorta; LPA, left 
pulmonary artery; LV, left ventricle; MPA, main pulmonary artery; PV, pulmonary valve; RA, right atrium; RPA, right pulmonary artery; RV, right ventricle. 


Both severe and critical pulmonary valve stenosis in a neonate 
will result in systemic or supra-systemic RV pressures. Critical 
pulmonary stenosis occurs when the RV is unable to maintain 
systemic arterial saturations above 90% in the absence of a patent 
ductus arteriosus (PDA) [11]. When the RV is unable to eject 
the entire systemic return across the pulmonary valve, nonoxy- 
genated blood crosses the PFO causing systemic arterial desat¬ 
uration [11]. Adequate pulmonary blood flow then becomes 
dependent on left-to-right shunting across the PDA. This 
causes a volume load on the left ventricle (LV), which is already 
facing the increased afterload that occurs during the neonatal 


transitional period. Poor biventricular function ensues. When 
critical pulmonary valve stenosis occurs in the presence of 
severe tricuspid valve regurgitation, the RV suffers from both 
a pressure and volume load resulting in increased right-to-left 
atrial shunting. 

Progression of pulmonary valve stenosis is common in the 
neonatal period, partially due to normal hemodynamic changes, 
including increased cardiac output [12], decreased pulmonary 
vascular resistance [13], and closure of the PDA. The rate of pro¬ 
gression tapers off during infancy, and is uncommon beyond the 
first year of life. 
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Imaging 

Key elements 

■ Define the morphology of the pulmonary valve with particular 
attention to leaflet number, mobility and thickness 

• Confirm site of stenosis to be at the level of the valve 

• Determine the presence or absence of additional sites of 
stenosis 

° infundibular 
° supravalvar. 

■ Measure the diameters of the pulmonary valve annulus, main 
pulmonary artery and branches and report z-scores. 

■ Measure the Doppler estimated peak and mean gradients 
across the valve from multiple views 

• continuous-wave (CW) Doppler to assess severity 

• pulsed-wave (PW) Doppler to assess location 

• confirm pulmonary gradient with estimated right ventricle 
pressure from the tricuspid regurgitation jet. 

■ Assess pulmonary valve regurgitation 

• precise location 

• grade severity. 

■ Evaluate the right ventricle 

• size 

• function 

• hypertrophy 

• dilation 

• systolic pressure. 

■ Assess the tricuspid valve 

• annulus diameters and z-scores 

• morphology (leaflets, chordae tendineae, and papillary 
muscles) 

• stenosis 

• regurgitation. 

■ Assess size of the right atrium. 

■ Evaluate the atrial septum: if defect present, measure the size 
and determine the direction of flow by color and spectral 
Doppler. 

■ Determine the presence of a PDA; if present, determine direc¬ 
tion and velocity of flow. 

■ Determine the presence of associated defects. 

Prenatal assessment 

Isolated pulmonary valve stenosis can be diagnosed in the fetus. 
In patients with mild or moderate pulmonary valve stenosis the 
cardiac chambers tend to be normal in size. Additionally, the 
PDA demonstrates normal antegrade right-to-left flow. There¬ 
fore, the examiner must rely on the size, morphology and flow 
acceleration across the pulmonary valve [14]. In fetuses with 
severe or critical pulmonary valve stenosis the morphology of 
the RV is determined by the degree of tricuspid valve regurgi¬ 
tation. The RV is dilated and the ventricular wall is normal or 
thin in the presence of severe regurgitation, whereas in patients 
without tricuspid regurgitation, the RV is hypertrophied with 
various degrees of cavity hypoplasia (Figure 16.2; Video 16.3). 
The degree of enlargement of the right atrium correlates with the 



Figure 16.2 Fetus with severe/critical pulmonary valve stenosis. The 
4-chamber view demonstrates a severely hypertrophied right ventricle. LV, 
left ventricle; RA, right atrium; RV, right ventricle. 


degree of tricuspid valve regurgitation [15]. In patients with crit¬ 
ical pulmonary valve stenosis flow across the PDA is retrograde 
from the aorta into the pulmonary arteries. Serial evaluations 
of the fetus diagnosed with pulmonary stenosis are important 
because progression from mild to critical pulmonary stenosis or 
even atresia has been well documented [15]. 

It is important to assess flow across the PFO, as the fetuses 
with severe pulmonary stenosis and PFO restriction are at high 
risk of developing hydrops [16]. As a result of decreased preload, 
the FV is unable to generate adequate cardiac output. However, 
restrictive right-to-left shunting across the foramen ovale is 
difficult to diagnose because the imager cannot rely on increase 
in velocity to identify the restriction [17]. Therefore, it is imper¬ 
ative to look for signs of impending hydrops fetalis, including 
increased cardiothoracic ratio, pericardial effusion, holosystolic 
tricuspid valve regurgitation and abnormal venous Doppler 
flow [16]. 

In the study of Gomez-Montes et al. [ 18], a tricuspid-to-mitral 
valve diameter ratio <0.83, pulmonary-to-aortic valve diame¬ 
ter ratio <0.75, tricuspid inflow duration/cardiac cycle length 
<36.5%, and RV-to-LV length ratio <0.64 were associated with 
a univentricular repair after birth. Having three out of the four 
markers was 100% sensitive and 92% specific whereas the pres¬ 
ence of all four markers was 100% sensitive and specific in the 
second trimester of pregnancy. In addition to the tricuspid-to- 
mitral valve diameter ratio, tricuspid and pulmonary valve z- 
scores were associated with a single ventricle outcome but cut¬ 
offs and reliability vary with gestational age [19]. 

Postnatal assessment 

Pulmonary valve anatomy and physiology are well defined by 
two-dimensional (2D) imaging. The pulmonary valve is appre¬ 
ciated in the parasternal long-axis view by tilting the transducer 
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Figure 16.3 (a) Parasternal long-axis view performed by tilting the transducer towards the patients left shoulder, (b) Color flow mapping demonstrates 
turbulence across a stenotic pulmonary valve. MPA, main pulmonary artery; PV, pulmonary valve; RV, right ventricle. 


toward the patients left shoulder (Figure 16.3a,b; Videos 16.4 
and 16.5) and in the parasternal short-axis view at the base of the 
heart (Figure 16.1c). In addition to the morphology of the valve, 
the subcostal short-axis and right anterior oblique views provide 
an excellent opportunity to assess additional levels of obstruc¬ 
tion (Figure 16.1a,b; Videos 16.1 and 16.2). In infants and young 
children, the apical 4-chamber view can be adapted by sweeping 
anterior and clockwise to include the pulmonary valve and 
subvalve region. Using standard echocardiography views, the 
pulmonary valve is imaged in its longitudinal axis. However, 



(a) 


using a high left parasternal view, a cross-sectional image of the 
pulmonary valve can be obtained by visualizing the short axis of 
the aortic valve and rotating the transducer clockwise ~ 10-20° 
(Figure 16.4a,b; Videos 16.6 and 16.7) [20]. The cross-sectional 
view of the pulmonary valve can also be successfully performed 
with three-dimensional (3D) imaging in about 60-70% of 
patients (Video 16.8) [21]. Three-dimensional imaging has 
the potential to enhance the details of the pulmonary valve 
morphology; however, the incremental benefit has yet to be 
established. 



(b) 


Figure 16.4 High parasternal view shows a cross-section of the pulmonary valve (PV). (a) Normal trileaflet valve in diastole, (b) Bicuspid valve in systole. 










Chapter 16 Anomalies of the Right Ventricular Outflow Tract and Pulmonary Valve 285 



Figure 16.5 Doppler pattern across the pulmonary valve in an infant who presented with critical pulmonary valve stenosis with severe tricuspid 
regurgitation and right ventricular dysfunction, (a) At presentation there is only a trivial increase in velocity across the pulmonary valve, (b) After 
stabilization with recovery of right ventricular function, significant pulmonary valve stenosis was unmasked. 


The degree of valve thickness and dysplasia should be 
assessed. It is typical to see doming of the pulmonary valve not¬ 
ing restrictive motion when stenosis is present. A variable degree 
of poststenotic dilation of the main pulmonary artery may be 
noted. 

Quantification of pulmonary valve stenosis is performed pri¬ 
marily by PW and CW Doppler. The estimated systolic pres¬ 
sure gradient is derived from the trans-pulmonary velocity flow 
curve using the simplified Bernoulli equation: 

A Pressure = 4v^. 

Doppler will underestimate a catheter measured gradient if 
there is a high divergence (>20%) between the ultrasound 
beam and the direction of blood flow [22]. To ensure accu¬ 
racy it is important to line up the Doppler sample volume par¬ 
allel to the direction of flow with the aid of color flow map¬ 
ping. This must be performed in multiple views; including 
the parasternal short-axis, subcostal and modified 5-chambered 
views [23]. Although Doppler-derived peak instantaneous gra¬ 
dients are often higher than the peak-to-peak gradient measured 
in the cardiac catheterization laboratory, the literature supports 
the accuracy of Doppler-derived gradients to predict catheter- 
derived maximum instantaneous gradients [23-25]. 

The Bernoulli equation is most accurate in patients with dis¬ 
crete stenosis and becomes less reliable in patients with long- 
segment stenosis or multiple levels of obstruction in series. In 
contrast, Silvilairat et al. reported that outpatient mean Doppler 
gradients more accurately predict catheter peak-to-peak gradi¬ 
ents in both isolated pulmonary valve stenosis [26] and in com¬ 
plex pulmonary outflow stenosis [27]. Therefore we recommend 
obtaining both peak instantaneous and mean gradients when 


assessing the severity of pulmonary valve stenosis. It is important 
to utilize PW Doppler to detect different levels of obstruction in 
the outflow tract [28]. 

When evaluating a patient with pulmonary valve stenosis by 
Doppler, it is important to understand that pressure gradients 
depend on both the effective valve orifice area and the flow rate 
across the valve [29]. Conditions that reduce the flow across the 
valve will underestimate the degree of obstruction. This includes 
severe tricuspid valve regurgitation, and RV dysfunction. Addi¬ 
tionally, with pulmonary artery hypertension or a large PDA, 
the distal pulmonary artery pressure is elevated, thus mask¬ 
ing the true impediment to flow. Therefore, it is possible to 
have severe stenosis with little or no gradient (Figure 16.5a,b; 
Video 16.9). In fact, critical pulmonary valve stenosis can some¬ 
times only be distinguished from pulmonary valve atresia by the 
presence of a trivial quantity of pulmonary regurgitation, when 
the RV is unable to eject blood across the dysplastic valve. Simi¬ 
larly, additional flow across the pulmonary valve as occurs with 
other left-to-right intracardiac shunts will cause overestimation 
of gradients. 

RV wall thickness and the degree of systolic flattening of the 
ventricular septum are additional semiquantitative methods to 
evaluate the degree of obstruction across the pulmonary valve. 
When possible, it is important to confirm RV systolic pressure 
estimates by measuring the tricuspid regurgitation velocity. 

The anterior location of the pulmonary valve may limit 
the value of transesophageal echocardiography. The pulmonary 
valve and the right ventricular outflow tract may be imaged from 
a mid-esophageal or a transgastric window by rotating the trans¬ 
ducer 50-90 degrees [28]. Gradients across the pulmonary valve 
are best obtained by rotating the transducer to 0 degrees, maxi¬ 
mally flexing the probe and turning slightly counterclockwise. 
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Pulmonary valve regurgitation 

Trivial to mild pulmonary valve regurgitation is common and 
can be considered a normal variant when accompanied by nor¬ 
mal valve morphology. More severe regurgitation occurs with 
dysplastic valves, and most commonly after intervention for 
valve stenosis. Acquired forms of pulmonary regurgitation are 
rare and include pulmonary artery hypertension, endocarditis, 
carcinoid, and rheumatic heart disease [30]. 

Many studies analyzing the long-term effects of pulmonary 
regurgitation have used either subjective or semiquantitative 
methods to evaluate the degree and the consequences of pul¬ 
monary regurgitation. Detection and grading of pulmonary 
regurgitation is performed principally with color flow mapping 
and spectral Doppler. Functional regurgitation is characterized 
by a small, short, central jet. Pathologic regurgitation is distin¬ 
guished from physiologic regurgitation by a longer duration of 
flow. In severe or “free” pulmonary regurgitation, equalization 
of diastolic pulmonary artery and right ventricular pressures 
occur early in diastole, thus shortening the jet. The phenomena 
can mimic mild regurgitation. One must use additional meth¬ 
ods such as jet width, diastolic retrograde flow in the distal pul¬ 
monary arteries, and the presence of right ventricular dilation to 
distinguish mild from severe pulmonary regurgitation. 

Grading of pulmonary regurgitation by color Doppler has 
been poorly validated. Methods include determination of 
overall jet size, depth of penetration of color flow Doppler into 
the RV, width of the vena contracta, or overall width of the 
jet in relation to the width of the RV outflow tract [31]. The 
maximum color jet width measured immediately below the 
pulmonary valve suffers from high intraobserver variability; 
however, a jet width that occupies >65% of the right ventricular 
outflow width is associated with severe pulmonary regurgitation 
[30]. Spectral Doppler can be used to measure the end-diastolic 
pressure difference between the RV and the pulmonary artery. 
A “no flow time” (diastolic period - duration of pulmonary 
regurgitation) >80 ms and a pressure half-time <100 ms 
distinguished angiographic severe pulmonary regurgitation 
from milder forms of disease [32]. 

RV dilation secondary to volume overload should be sought 
as indirect evidence of significant regurgitation. Williams et al. 
used a ratio of the pulmonary regurgitation color jet width to 
the pulmonary valve annulus of 0.4 (measured in early dias¬ 
tole in the parasternal short-axis plane) to differentiate between 
<1+ and >2+ angiographic grade pulmonary regurgitation. In 
the same study, indexed RV end-diastolic diameter correlated 
with angiographic pulmonary regurgitation. Nonetheless, there 
was significant overlap between angiographic grades. Retro¬ 
grade diastolic flow in the branch pulmonary arteries was also 
statistically significant in separating the degrees of pulmonary 
regurgitation [33]. 

Pulmonary regurgitation is dependent on both downstream 
and upstream components. Elevated RV diastolic pressure and 
restrictive physiology will decrease the amount of pulmonary 
regurgitation. In the pulmonary arteries, higher proximal 


compliance and lower distal compliance will increase regurgita¬ 
tion. Meanwhile valve obstruction will decrease regurgitation, 
while distal obstruction will increase the severity of the 
regurgitation. 

Three-dimensional imaging offers the potential, but still 
unproven improvement in quantification of pulmonary regur¬ 
gitation. Three-dimensional color Doppler allows the cropping 
plane to be positioned exactly parallel to the vena contracta, 
which then can be planimetered and can be used to calculate the 
severity of pulmonary regurgitation [21]. In reality poor visual¬ 
ization of the pulmonary valve has limited progress in develop¬ 
ing 3D algorithms for quantification of pulmonary regurgitation 

[34] . 

Transcatheter and surgical treatment 

Catheter balloon dilation is the primary modality for treat¬ 
ment of pulmonary valve stenosis. Surgical intervention is 
reserved for patients with multiple levels of obstruction, dysplas¬ 
tic pulmonary valves, and hypoplastic pulmonary valve annulus. 
Echocardiography is the most important diagnostic modality for 
planning catheterization and surgical interventions. Indications 
for balloon dilation of pulmonary valve stenosis remain contro¬ 
versial. The excellent results and low morbidity of the procedure 
have led to use of balloon valvuloplasty even in patients with 
mild obstruction. Mullins has recommended balloon valvulo¬ 
plasty for patients with Doppler-measured peak instantaneous 
gradients as low as 35 mmHg, along with other objective signs 
of RV hypertrophy by echocardiography or electrocardiography 

[35] . Others feel that the RV systolic pressure should exceed 
55-60 mmHg [6]. In the presence of severe tricuspid regurgi¬ 
tation or RV dysfunction, the gradient across the pulmonary 
valve cannot be relied upon to determine need for interven¬ 
tion. Measurement of the diameter of the pulmonary annulus 
is required to plan adequately for the catheterization procedure. 
Echocardiography very closely approximates the catheter mea¬ 
surement of the pulmonary valve [22]. Typically the balloon size 
used for valvuloplasty is 1.1-1.2 times the size of the pulmonary 
annulus, with a maximum balloon-to-annulus diameter ratio 
of 1.4. 

Postprocedure assessment and long-term sequelae 

Since its original description in 1982, balloon valvuloplasty has 
become the treatment of choice for patients with congenital 
pulmonary valve stenosis [36]. Balloon valvuloplasty is highly 
successful at reducing the gradient across the valve with long¬ 
term success in >95% of cases [22,37,38]. It is important to 
identify the site and type of residual obstruction in patients 
after balloon valvuloplasty. It is common for infundibular gra¬ 
dients to increase immediately after intervention; however, the 
gradient improves during the first 18 months of follow-up [38]; 
by contrast, patients with residual gradients across the valve do 
not improve [39]. Patients with Noonan syndrome have higher 
residual gradients compared with nonsyndromic patients 
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Figure 16.6 (a) Subgastric view of the right ventricular outflow tract demonstrating severe dynamic infundibular obstruction after pulmonary 
valvuloplasty (b) Color flow Doppler demonstrates limited flow across the right ventricular outflow tract and the pulmonary valve. PA, pulmonary artery; 
RA, right ventricle; RV, right ventricle. 


[40], leading some physicians to advocate surgical repair of 
pulmonary valve stenosis in patients with Noonan syndrome. 

Acutely after the procedure it is important to recognize 
complications of angioplasty including: perforation of the pul¬ 
monary valve leaflets or annulus, tricuspid valve injury, perfo¬ 
ration of the right ventricular outflow tract, disruption of the 
pulmonary trunk, and cardiac tamponade [22]. 

Significant pulmonary valve regurgitation occurs in 33% of 
patients undergoing balloon angioplasty, occurring more fre¬ 
quently in patients who presented with more severe pulmonary 
valve stenosis [22]. Clinically pulmonary regurgitation is mild in 
the first few months after valvuloplasty secondary to right ven¬ 
tricular hypertrophy and low compliance; however, it is thought 
that as RV compliance improves the pulmonary regurgitation 
becomes more evident [41]. 

Prior to the development of balloon valvuloplasty, surgical 
valvuloplasty was the treatment of choice. At a median follow-up 
of 34 years, 43% of patients had moderate to severe pulmonary 
valve regurgitation, 16% had moderate to severe tricuspid valve 
regurgitation, 63% had moderate to severe RV dilation, and 10% 
had moderate to severe RV systolic dysfunction [42]. 

Patients with critical pulmonary valve stenosis can undergo 
pulmonary valve balloon dilation in the cardiac catheterization 
laboratory with less than a 3% failure rate. Of patients with 
successful angioplasty 21% required additional procedures; 
including repeat valvuloplasty, surgical enlargement of the 
RVOT, or a systemic-to-pulmonary arterial shunt [43]. After 
pulmonary valve balloon dilation the tricuspid valve, pulmonary 
valve and RV have all been documented to increase in size at 
or above the rate of somatic growth [44,45]. Most patients have 
adequate systemic oxygen saturations after balloon valvulo¬ 
plasty. However, patients with hyperdynamic RV outflow tracts 
can develop infundibular obstruction (so-called “suicide” RV), 


causing inadequate flow across the RV outflow tract (Figure 
16.6a,b; Video 16.10). Other patients remain cyanotic sec¬ 
ondary to right-to-left shunting across the PFO due to poor RV 
compliance or RV hypoplasia [46]. It is important to recognize 
these physiologic states by echocardiography, because both may 
require resumption of prostaglandin therapy. While the dynamic 
infundibular stenosis usually improves within several days, a 
poorly compliant RV may take several weeks to improve. In such 
cases, surgical creation of a systemic-to-pulmonary artery shunt 
should be entertained. In patients with a diminutive pulmonary 
annulus a systemic-to-pulmonary shunt may be required in 
addition to a transannular patch across the RV outflow tract [47]. 

In the presence of significant pulmonary valve regurgitation, 
there is a risk of blood flow regurgitating back into the RV from 
either a PDA or systemic-to-pulmonary artery shunt through 
the pulmonary valve. This phenomenon, known as a “circular 
shunt,” is more severe in cases with important tricuspid valve 
regurgitation. A circular shunt must be excluded in any patient 
with metabolic acidosis or cyanosis in the post-interventional 
period. 

Subpulmonary stenosis, including 
double-chambered right ventricle 

Subvalvular pulmonary stenosis includes infundibular pul¬ 
monary stenosis and double-chambered right ventricle (DCRV). 
Infundibular stenosis can be primarily caused by a discrete fibro- 
muscular obstruction or hypertrophic cardiomyopathy. Sec¬ 
ondary forms include an aneurysm of the ventricular sep¬ 
tum, an aneurysm of the sinus of Valsalva, accessory tricuspid 
valve tissue, cardiac tumors, and RV hypertrophy secondary to 
pulmonary valve stenosis. Hypertrophic cardiomyopathy and 
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the secondary forms will not be discussed in this chapter. 
Discrete fibromuscular subpulmonary obstruction is described 
as a ring or fibromuscular diaphragm with an orifice located 
at the infundibular ostium or within the RV infundibulum. 
DCRV encompasses conditions in which the muscular struc¬ 
tures comprising the proximal infundibular ostium create a divi¬ 
sion within the right ventricle, resulting in muscular narrow¬ 
ing between the RV sinus (inflow) and the infundibulum (out¬ 
flow). Patients with this abnormality are also categorized as hav¬ 
ing anomalous RV muscle bundles. The progressive obstruc¬ 
tion divides the right ventricle into a proximal high-pressure RV 
sinus chamber and a low-pressure infundibular chamber distal 
to the muscular structures. 

The incidence of discrete fibromuscular obstruction has been 
reported to vary between 0.2% and 8% of all cases of pul¬ 
monary stenosis [48,49]. The incidence of DCRV is not accu¬ 
rately known. Due to its progressive nature, this lesion is more 
easily detected after the first months of life. It has been suggested 
that 3-7% of patients with a ventricular septal defect (VSD) 
will acquire pulmonary outflow obstruction [50,51]. Among all 
patients with a VSD seen at Boston Childrens Hospital between 
1973 and 2002,0.04% developed a double-chambered right ven¬ 
tricle [52]. Simpson et al. reported 10% prevalence in children 
undergoing VSD repair [53], and Moran et al. noted develop¬ 
ment of DCRV in 3.1% of patients undergoing tetralogy of Fallot 
repair before the age of 2 years [54]. In a series from Spain, 0.75% 
of all cardiac defects repaired in childhood included DCRV [55]. 

The embryologic mechanism suggested for the development 
of discrete fibromuscular obstruction is a defect in absorption 
of the anterolateral conus or pulmonary infundibulum [56]. 
There is no consensus about the origin of the anomalous mus¬ 
cle bundles that make up a DCRV. Some have suggested that the 
anomaly arises from high takeoff of the moderator band with 
acquired hypertrophy of the muscle bundles of the proximal os 
infundibulum, including septal, moderator, and parietal bands 
[57]. It has also been proposed that the anomaly is due to persis¬ 
tence of prominent septal-parietal trabeculations [58-62]. Pos¬ 
sible relationships between DCRV and Down syndrome [63] 
and Noonan syndrome [64] have been proposed. In addition, 
Lougheed et al. have reported the development of RV outflow 
tract obstruction in almost 10% of recipients of fetal twin-to- 
twin transfusion [65]. 

Morphology and classification 

In its more common form, the obstruction caused by anomalous 
RV muscle bundles is not present in the first months of life. 
The muscle bundles become more prominent as the patient 
grows, and the obstruction is usually progressive [61]. However, 
rates of progression vary considerably [53,66]. In addition, 
several authors have described various forms of obstruction 
within the RV that are different from typical DCRV. These 
include an anomalous apical shelf with or without an associated 
Ebstein anomaly; an apical shelf confluent with the outlet 
septum that can give the impression of double-outlet LV; and a 


circumferential muscular diaphragm in the presence of tetralogy 
of Fallot [67-69]. 

Subpulmonary obstruction caused by a discrete fibromuscu¬ 
lar ridge usually begins at the lower portion of the infundibulum. 
RV cavity division by anomalous muscle bundles usually occurs 
at the junction between the sinus (inlet) and the infundibular 
(outlet) components of the RV. The anomalous muscle bundles 
have also been described to develop proximal to the usual RV 
outflow obstruction found in tetralogy of Fallot [54]. It may also 
occur in patients with other conotruncal lesions such as D- or F- 
loop transposition of the great arteries or double-outlet RV [70]. 
Membranous VSD is the cardiac anomaly most commonly asso¬ 
ciated with DCRV, although muscular and malalignment defects 
are also found. Another common association is between DCRV 
with or without a membranous VSD and discrete subvalvar aor¬ 
tic stenosis [71]. The development of left ventricular outflow 
tract obstruction has been reported to occur before, concomi¬ 
tant with, or even years after surgical repair of DCRV. 

Pathophysiology 

In the majority of patients the obstruction caused by anomalous 
muscle bundles is progressive [61], but rates of progression vary 
considerably [53,66]. Progressive RV outflow obstruction causes 
an increase in the pressure gradient measured within the RV 
cavity. In our experience, in most cases the VSD communicates 
with the proximal high-pressure RV sinus chamber [72]. The 
progression of obstruction in such patients causes a decrease 
in the amount of left-to-right shunting. In the most severe 
cases of DCRV the shunt across the VSD can reverse. Although 
some of these patients have been considered to have a form of 
tetralogy of Fallot, the two conditions are part of a continuum. 
However, spontaneous closure of the VSD and left ventricular 
outflow abnormalities are more frequently associated with 
DCRV whereas pulmonary annular hypoplasia, right aortic 
arch, and pulmonary artery abnormalities are typical in patients 
with tetralogy of Fallot. 

In patients with DCRV the VSD may undergo spontaneous 
closure. It is widely believed that cases that present with an intact 
ventricular septum may actually have had spontaneous closure 
of a VSD. Right ventricular dysfunction, a late finding, is more 
commonly seen in patients with restrictive or even closed VSD 
and markedly elevated RV pressure. 

Imaging 

Key elements 

• Define the site and severity of obstruction(s) within the RV 
cavity. 

• Define the type of subpulmonary stenosis. 

• Determine the morphology of the anomalous muscle bun- 
dle/subpulmonary obstruction in relation to the tricuspid and 
pulmonary valves. 

• Determine the presence of an associated VSD, its relation to 
the obstruction site, flow direction, and the pressure gradient 
across the defect. 
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(c) 


Figure 16.7 Double-chambered right ventricle with a prominent anomalous muscle bundle producing narrowing of the proximal os infundibulum, (a) 
Subcostal short-axis view, (b) Parasternal short-axis view, (c) Double-chambered right ventricle - prominent anomalous muscle bundle causing narrowing 
proximal to the ventricular septal defect - subcostal oblique view. Ao, aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RVi, 
right ventricular inlet; VSD, ventricular septal defect. 


• Determine the presence of associated left ventricular outflow 
tract obstruction. 

• Assess the degree of tricuspid regurgitation and determine 
proximal chamber pressure. 

• Evaluate RV function. 

Prenatal assessment 

DCRV is rarely present in newborns, and the diagnosis is infre¬ 
quently made in utero [73,74]. RV outflow tract obstruction 
has been associated with twin-to-twin transfusion. The recipi¬ 
ent twin may develop infundibular or valvar stenosis in utero 
with the potential to progress to pulmonary atresia [65]. 


Preoperative assessment 

The anatomy of subpulmonary obstruction can be system¬ 
atically determined by a comprehensive echocardiographic 
examination. In patients with discrete subpulmonary stenosis, 
a nonmobile, thick ridge is seen at the level of the proximal 
infundibular ostium. This structure is best visualized in sub¬ 
costal short-axis, long-axis, and oblique views as well as the 
parasternal short-axis view. Similar views are used to demon¬ 
strate anomalous muscle bundles in DCRV (Figure 16.7a-c; 
Videos 16.11, 16.12, and 16.13). Color Doppler flow mapping 
helps to highlight their existence even in the presence of a mild 
gradient. The RV inflow and outflow are visualized in the same 
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plane in the subcostal oblique view. This view also permits 
measurement of the distance from anomalous muscle bundles 
to the tricuspid and pulmonary valves. Subcostal views usually 
provide optimal angles for measurement of flow velocities 
within the RV cavity. Useful anatomic information and gradient 
estimation of the RV outflow obstruction can also be obtained 
by anteriorly angling the transducer from a modified apical view. 
This view can be obtained by sliding the transducer rightward 
and superior from the apical 4-chamber view. Subcostal and 
parasternal short-axis sweeps from apex to base allow similar 
assessment of the RV. Obstruction caused by a fibromuscular 
ridge located immediately below the pulmonary valve may be 
difficult to differentiate from isolated valvar stenosis. Therefore, 
special attention should be paid to leaflet motion, presence of 
leaflet fluttering and presence of early valvar closure. 

Complete evaluation of the ventricular septum by 2D imag¬ 
ing and color flow mapping is important to evaluate the pres¬ 
ence and location of a VSD. Special attention to the relationship 
of the defect to the anomalous muscle bundles is required. In the 
presence of a high-pressure proximal RV chamber, a low gradi¬ 
ent across the VSD is expected even in the presence of significant 
restriction. Imaging of the left ventricular outflow tract from api¬ 
cal and parasternal views, in addition to a subcostal approach, 
should focus upon the possible presence of discrete subaortic 
stenosis. 

Estimation of RV pressure based on the tricuspid regurgita¬ 
tion jet velocity confirms the elevated systolic pressure in the 
proximal chamber. Agreement of pressure estimation in the RV 
proximal and distal chambers based on measurement of flow 
velocities across the VSD, RV outflow and tricuspid regurgita¬ 
tion jet solidifies understanding of hemodynamic status. 

Wong and colleagues suggested that the degree of superior 
displacement of the moderator band could identify patients at 
risk for development of DCRV [57]. The distance from the pul¬ 
monary valve to the moderator band was measured from sub¬ 
costal views and normalized for the size of the tricuspid valve 
annulus. Alva et al. challenged the prognostic value of the mod¬ 
erate band displacement measurements, as they believed that 
the abnormal muscle bundle probably represents accentuated 
septal-parietal trabeculations [62]. There have been no pub¬ 
lished studies addressing the additional value of 3D echocardio¬ 
graphy in the diagnosis of DCRV. 

Echocardiographic guidance of surgical treatment 

Treatment of discrete subpulmonary obstruction and DCRV 
is surgical. Operations are usually performed beyond infancy, 
with low mortality and good results. Most patients are referred 
for surgery based only on echocardiographic findings. The 
details about location of obstruction, its relation to tricuspid 
and pulmonary valves, and relative position of the VSD are 
helpful for surgical planning. Preoperative transesophageal 
echocardiography can confirm these details, particularly in 
larger patients. The RV cavity with the anomalous muscle 
bundles and the relationship to the ventricular septal defect 
are usually best demonstrated in a 45-80° “RV inflow-outflow 


view.” The subpulmonary ridge can be viewed from 30 to 90° 
depending on the spatial orientation of the RV outflow tract. 

Postoperative assessment 

Echocardiographic assessment starts in many cases as the patient 
is weaned from cardiopulmonary bypass. Evaluation of resid¬ 
ual obstruction within the RV cavity in the early postopera¬ 
tive period should take into consideration intravascular volume 
status and inotropic support. A decrease in RV volume caused 
by low intravascular volume and a hyperdynamic ventricle will 
exaggerate the residual gradient. Follow-up of patients with 
DCRV should include assessment of the left ventricular out¬ 
flow tract, as Vogel et al. have demonstrated that the subaortic 
obstruction can develop after surgical correction of DCRV [71]. 

RV dysfunction that is present preoperatively usually 
improves after relief of the obstruction. In 1984, Kveselis et al. 
reported the long-term follow-up of 20 patients. After a mean 
follow-up of 19 years, five developed aortic regurgitation and 
two had mild RV outflow tract obstruction [75]. In 2000, Galal 
and colleagues reported follow-up of 73 patients after repair of 
DCRV [76]. A small residual VSD was present in seven, and 
there were no other residual lesions. Recurrent obstruction 
related to anomalous muscle bundles has not been reported as 
a significant long-term complication. Said et al. reported the 
outcomes of surgical repair of DCRV performed at the Mayo 
Clinic [77]. Over 38 years, 61 patients were repaired (median 
age 13 years, interquartile range 2 months to 64 years); there 
were two early deaths due to persistent low cardiac output, and 
the late survival was 90% at 10 years. There were two late deaths 
related to heart failure and one sudden death. No patients 
required reoperation for residual or recurrent obstruction. 
Telagh et al. reported the postoperative results of 35 patients 
(median age at operation 21.3 years, range 4 to 69 years), with 
no hospital or late death (postoperative interval 2 months to 41 
years) and no reoperations. The authors concluded that surgical 
repair of DCRV yields excellent hemodynamic and functional 
results over the mid to long term [78]. 

Imaging of the adult 

The best views to evaluate subpulmonary obstructions are the 
subcostal long-axis, short-axis and oblique views as well as the 
parasternal short-axis view. However, in adult patients subcostal 
images are more difficult to acquire, and the relevant anatomy is 
usually seen best from the parasternal approach. Adult patients 
with DCRV commonly present with high gradients and either 
a restrictive VSD or intact ventricular septum. Therefore, color 
Doppler flow mapping is particularly helpful even in the pres¬ 
ence of poor echocardiographic windows. 

Absent pulmonary valve with intact 
ventricular septum 

Absent pulmonary valve is a rare lesion characterized by 
complete absence of or rudimentary pulmonary valve leaflets 
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Figure 16.8 Doppler pattern across the fibrous ring in a patient with absent 
pulmonary valve syndrome with mild stenosis and severe regurgitation. 


resulting in severe regurgitation and a variable degree of steno¬ 
sis (Figure 16.8; Videos 16.14 and 16.15). Absent pulmonary 
valve occurs in two distinct phenotypes. The more common 
type occurs with a malalignment conoventricular septal defect, 
typical of tetralogy of Fallot. A PDA is rarely present with 
the occurrence of a VSD. Absent pulmonary valve with an 
intact ventricular septum is rarer, and typically occurs with 
a PDA. 

Absent pulmonary valve syndrome occurs in 1% of fetuses 
diagnosed with congenital heart disease with only 10% occur¬ 
ring in association with intact ventricular septum. However, due 
to the high rate fetal demise in those with a VSD, the incidence of 
absent pulmonary valve syndrome and intact ventricular septum 
is higher (40%) after birth. The clinical presentation of patients 
with intact ventricular septum is highly variable; patients may be 
asymptomatic during infancy and childhood and are diagnosed 
during a workup for a murmur [79]. Other patients are cyanotic 
at birth and may require intervention in the neonatal period. 



Figure 16.9 Absent pulmonary valve with intact ventricular septum seen 
from the parasternal short-axis view. Note the unguarded pulmonary valve 
(arrow) dilated right ventricle (RV), and dilated main pulmonary artery 
(MPA), left pulmonary artery (LPA), and right pulmonary artery (RPA). 

Imaging 

Prenatal assessment 

Several series have documented the ability to correctly diagnose 
absent pulmonary valve with and without a VSD in the fetus 
[80,81,83]. The characteristic findings of enlargement of the 
central pulmonary arteries and dilated RV are uncommon until 
gestation reaches 22 weeks. However, the diagnosis can still be 
made based on the presence of severe pulmonary regurgitation 
(Video 16.16) [84]. It is important to determine the presence of a 
VSD or a PDA, which rarely occur together. The risk of fetal and 
neonatal loss associated with absent pulmonary valve makes 
it imperative to perform frequent follow-up examinations that 
include measurements of fetal well-being. Serial measurements 
of the cardiothoracic ratio, diameters of the pulmonary trunk 
and branches, and Doppler velocities across the RV outflow 
and main pulmonary artery are important as well as frequent 
assessments for signs of hydrops fetalis. 


Pathophysiology 

The right ventricle, main pulmonary artery and branch pul¬ 
monary arteries become dilated from the increased volume and 
pressure load (Figure 16.9). Patients with an intact ventricular 
septum characteristically develop less severe dilation of the 
pulmonary arteries as compared to those associated with a 
VSD. The etiology of this is not well understood but has been 
speculated to occur because the presence of a patent ductus 
arteriosus in utero provides a pathway for runoff into the 
systemic circulation [80,81]. On the other hand, persistent 
patency of a ductus arteriosus after birth can lead to increased 
right ventricular stroke volume, further pulmonary dilation and 
right heart failure [79,82]. When the branch pulmonary arteries 
are significantly dilated, patients will often present with airway 
obstruction [81]. 


Preoperative assessment 

Echocardiography should provide all the essential information 
necessary to manage patients with absent pulmonary valve. An 
echo-bright fibrous ring occupying the location of the pul¬ 
monary valve can be identified in the parasternal short- and 
long-axis views and in the subcostal coronal, short-axis and 
oblique views (Figure 16.10). Thickened, dysplastic valve rem¬ 
nants can sometimes be identified as part of the lesion. The 
degree of stenosis depends on the size of the valve annulus. Sub¬ 
valvar and supravalvar obstruction are rarely part of this lesion, 
but must be excluded. The RV is characteristically dilated and 
hypertrophied. It is important to measure the diameters of the 
main and distal pulmonary arteries. This can be accomplished 
in the parasternal short-axis and suprasternal views. Size dis¬ 
crepancies between the right and left pulmonary arteries have 
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Figure 16.10 Echo-bright fibrous ring occupying the location of the 
pulmonary valve (arrow) in patient with absent pulmonary valve with 
intact ventricular septum identified in the parasternal short-axis view. 

MPA, main pulmonary artery; RV, right ventricle. 

been reported [85]. Additional abnormalities are rare although 
severe tricuspid valve stenosis and atresia have been reported 
[86]. Serial examinations are important to follow the degree of 
RV outflow tract obstruction, size and function of the RV, and 
growth of the main and distal pulmonary arteries. 

Main pulmonary artery stenosis 

Obstruction distal to the pulmonary valve can occur at the 
level of the main pulmonary artery and/or pulmonary artery 


branches. These lesions are found in 2-3% of patients with con¬ 
genital heart disease in association with various cardiovascular 
anomalies [87]. In this chapter we will only discuss lesions of 
the main pulmonary artery. Lesions of the branch pulmonary 
arteries are discussed in Chapter 18. 

The embryologic mechanisms involved in the development of 
supravalvar pulmonary stenosis are not known. This anomaly 
has been associated with Williams, DiGeorge, Alagille, Keutel 
and congenital rubella syndromes. Congenital obstruction at the 
level of the main pulmonary artery can be caused by a discrete 
ridge or by a diffusely hypoplastic segment. The ridge can be 
located immediately distal to the pulmonary valve, at the mid¬ 
portion of the main pulmonary artery, or close to the bifurca¬ 
tion. Acquired lesions are seen after surgical intervention. Sur¬ 
gical banding of the main pulmonary artery is a palliative ther¬ 
apeutic option used to prevent pulmonary overcirculation and 
detrimental alteration of the pulmonary vasculature. In patients 
who have undergone main pulmonary artery banding, a post¬ 
stenotic dilation can be seen. Imaging at regular intervals is 
needed for early diagnosis of migration of the surgical band, 
which can cause encroachment on the branch pulmonary arter¬ 
ies. The encroachment can interfere with branch pulmonary 
artery growth and cause stenosis and hypoplasia. Obstruction 
at the level of the neo-main pulmonary artery has also been 
reported after the arterial switch operation, due to manipulation 
and positioning for the LeCompte maneuver. 

Imaging 

Stenosis of the main pulmonary artery can be visualized from 
parasternal long- and short-axis views (Figures 16.11 and 16.12; 
Video 16.17). The anatomy can be demonstrated in young 
patients by anteriorly angling the transducer from a modified 
apical view and from subcostal short-axis and right anterior 



Figure 16.11 Supravalvar pulmonary 
stenosis - parasternal short-axis view showing 
a membranous diaphragm causing narrowing 
distal to the pulmonary valve with and 
without color flow mapping. MPA, main 
pulmonary artery; PV, pulmonary valve; 
RYOT, right ventricular outflow tract. 




Chapter 16 Anomalies of the Right Ventricular Outflow Tract and Pulmonary Valve 293 


v a 


RVOT PV 

MPA 

"■* Jr*-Supravalvar 

membrane 


Figure 16.12 Supravalvar pulmonary stenosis - parasternal short-axis view 
showing a membranous diaphragm causing narrowing distal to the 
pulmonary valve. MPA, main pulmonary artery; PV, pulmonary valve; 
RVOT, right ventricular outflow tract. 

oblique views. Maximum instantaneous and mean gradients 
across the main pulmonary artery are determined by PW and 
CW Doppler interrogation of flow from each view. When using 
CW Doppler, jets originating at other levels of obstruction can 
mask the actual gradient across the main pulmonary artery. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 16.1 Subcostal right anterior oblique view in an infant with 
severe/critical pulmonary valve stenosis. There is severe right ven¬ 
tricular hypertrophy. 

Video 16.2 Subcostal right anterior oblique view in an infant with 
severe/critical pulmonary valve stenosis. Significant obstruction 
with mild insufficiency is demonstrated by color flow Doppler. 

Video 16.3 Fetus with severe/critical pulmonary valve stenosis. 
There is severe right ventricular hypertrophy and significant flow 
disturbance across a dysplastic pulmonary valve, as demonstrated 
by color flow Doppler. 

Video 16.4 Thickened dysplastic pulmonary valve seen in the 
parasternal long-axis view. 

Video 16.5 Bicuspid pulmonary valve demonstrated in a high 
parasternal view. 

Video 16.6 Dysplastic pulmonary valve with limited mobility is 
seen in the high parasternal view. 


Video 16.7 Bicuspid pulmonary valve noted in the high parasternal 
view with 3D imaging. 

Video 16.8 Infant with severe pulmonary valve stenosis and no sig¬ 
nificant gradient across the pulmonary valve secondary to elevated 
pulmonary vascular resistance and poor RV function. The apical 4- 
chamber view demonstrates right ventricle dysfunction and severe 
tricuspid insufficiency. 

Video 16.9 Infant with severe pulmonary valve stenosis and no sig¬ 
nificant gradient across the pulmonary valve secondary to elevated 
pulmonary vascular resistance and poor RV function. Parasternal 
long-axis view demonstrates only mild turbulence across the pul¬ 
monary valve. 

Video 16.10 Subcostal right anterior oblique view demonstrates 
severe infundibular dynamic obstruction. Color Doppler fails to 
demonstrate flow across the right ventricular outflow tract. 

Video 16.11 Double-chambered right ventricle - prominent 
anomalous muscle bundle causing narrowing proximal to the ven¬ 
tricular septal defect - subcostal short-axis view. 

Video 16.12 Double-chambered right ventricle with a prominent 
anomalous muscle bundle producing narrowing of the proximal 
os infundibulum, with color flow mapping showing the level of 
obstruction - parasternal short-axis view. 

Video 16.13 Double-chambered right ventricle with a prominent 
anomalous muscle bundle producing narrowing of the proximal 
os infundibulum with color flow mapping showing the level of 
obstruction - subcostal short-axis view. 

Video 16.14 Absent pulmonary valve syndrome with rudimentary 
pulmonary valve apparatus is seen in the parasternal short-axis 
view. 

Video 16.15 Color Doppler demonstrates free pulmonary regurgi¬ 
tation. The parasternal short-axis view also shows the dilated right 
ventricle and pulmonary arteries. 

Video 16.16 Free pulmonary regurgitation in the fetus is indicative 
of absent pulmonary valve syndrome. 

Video 16.17 Supravalvar pulmonary stenosis - imaging of a mem¬ 
branous diaphragm causing narrowing distal to the pulmonary 
valve, followed by superimposed color flow mapping - parasternal 
short-axis view. 
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Definition 

Pulmonary atresia with intact ventricular septum (PA/IVS) is 
a relatively uncommon congenital heart disease characterized 
by luminal discontinuity between the right ventricular outflow 
tract and the main pulmonary artery in the absence of a ventric¬ 
ular septal defect. 

Historical background 

Peacock published the first case series of patients with PA/IVS 
in 1869 [1]. This included a historical review in which he cred¬ 
its John Hunter for the first description of this anomaly in 1783. 
Grant first described the associated coronary artery abnormal¬ 
ities in 1926 [2]. There were anecdotal case reports in the mid- 
1900s, including a series of 10 cases described by Maude Abbot 
in her seminal atlas of congenital heart disease [3]. Glaboff 
et al. published the first detailed description of PA/IVS with 
a dilated right ventricle (RV) in 1950 [4]. From 1955 through 
1970, a number of reports described the anatomic features of 
PA/IVS [5-12]. The first attempts at surgical palliation were 
reported in the 1960s [6,8,13]. Initially, surgical therapy was 
technically successful but did not significantly improve out¬ 
come. Over the ensuing decades, the diagnostic evaluation has 
become more refined and the treatment plans more tailored to 
the anatomic variants, resulting in dramatically improved prog¬ 
nosis for infants with PA/IVS [14,15]. 

Incidence 

In the New England Regional Infant Cardiac Program, 75 of 
2251 infants (3.3%) had PA/IVS, and 85% of these were diag¬ 
nosed in the first week of life [16]. Estimates of the incidence 
of PA/IVS vary from 1 in 8000 live births [17] to 1 in 144,000 
live births [16]. Without treatment, 50% of infants die within 
2 weeks, and 85% die by 6 months of age [7,17-20]. Death is 


typically due to complications of cyanosis secondary to insuffi¬ 
cient pulmonary blood flow. 

Etiology 

Both genetic and environmental factors have been implicated in 
the etiology of PA/IVS, but little is known about specific con¬ 
tributing factors. It is likely that genetic factors, when important, 
are multifactorial. From empiric data, it appears that PA/IVS is 
not one of the more heritable forms of congenital heart disease 
[21] and is only occasionally associated with specific chromo¬ 
somal anomalies. There are, however, anecdotal reports of pedi¬ 
grees that include more than one family member with PA/IVS, 
including a few reports of affected siblings [22,23]. 

The role of environmental factors in the etiology of PA/IVS is 
also unknown. Evidence that environmental factors can directly 
influence the development of the right heart comes from a report 
by Baetz-Greenwalt et al. [24]. This paper described 14 infants 
with right heart hypoplasia, all diagnosed within a 2-year period 
in a small area of Ohio. Of this group, 79% had extracardiac 
anomalies, prompting speculation that an environmental expo¬ 
sure in the second month of pregnancy may have produced 
a new syndrome, which included abnormalities of right heart 
growth. 

There are several theories about the morphogenesis of 
pulmonary valve atresia [9,25-27]. Most popular is the flow the¬ 
ory, which assumes that an anatomic abnormality early in devel¬ 
opment decreases blood flow through the right heart, result¬ 
ing in diminished growth of right heart structures. The lack of 
growth leads to further decrease in flow through the right heart. 
Eventually, this cycle ends in acquired atresia of the pulmonary 
valve. Several structural defects have the potential to disrupt 
flow through the right ventricle, including primary abnormal¬ 
ities of the foramen ovale, Eustachian valve, tricuspid valve, and 
pulmonary valve. It is likely that the timing of valve atresia is 
important and that infants with the smallest right heart struc¬ 
tures are the ones who experienced the earliest progression to 
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atresia, whereas those with dilated right hearts may have had 
antegrade flow for a longer period, thus allowing for more in 
utero growth of the right heart. It is worth noting, however, 
that the cause and effect of diminished flow through the right 
heart and its etiologic association with PA/IVS have not been 
established. 


Morphology 

There is significant morphologic heterogeneity among patients 
with PA/IVS [7,9,11,14,25-32]. Initial anatomic studies sug¬ 
gested that patients could be divided into two relatively dis¬ 
tinct groups depending on the size of their right heart structures 
[5,7-9,25-31]. Those with pulmonary atresia and hypoplasia of 
the RV were designated as type I, whereas those with pulmonary 
atresia and normal or enlarged right heart structures were des¬ 
ignated as type II. Type I patients had small, abnormal tricus¬ 
pid valves, severe right ventricular hypertrophy and coronary 
artery fistulae, whereas type II patients were more likely to have 
severe tricuspid regurgitation, a thin-walled and dilated right 
ventricle, and a massively enlarged right atrium, but no signifi¬ 
cant coronary artery fistulae. It is clear from more contemporary 
anatomic studies that there is a continuum with respect to right 
heart disease, yet the majority of patients tend to have features 
that grossly fit into one of these two subtypes. 

Pulmonary atresia with RV hypoplasia 

Right atrium 

The vast majority of patients have a patent foramen ovale, 
although ~20% of patients have a secundum atrial septal defect 
(ASD) [9]. The right atrium and its associated caval connec¬ 
tions may be dilated and the right atrial wall is hypertrophied, 
although this is probably dependent on the amount of tricuspid 
regurgitation, the size of the foramen ovale, and the length of 
time that the hemodynamic abnormalities were present. 

Right ventricle and tricuspid valve 

The size of the tricuspid valve correlates with the size of the right 
ventricle [25-27,30-33]. Studies suggest that 70-90% of patients 
with PA/IVS have hypoplasia of both tricuspid valve and right 
ventricle, with up to 60% of patients having severe right ventric¬ 
ular hypoplasia [14,26,28,30,33]. Hypoplasia typically involves 
all segments of the right ventricle, although some portions may 
be so underdeveloped as to be absent [34]. The right ventricu¬ 
lar sinus (inlet) is often foreshortened (Figures 17.1 and 17.2). 
The moderator band and tricuspid valve papillary muscles may 
be poorly defined, although when present they can be severely 
hypertrophied. The infundibular portion is frequently hypoplas¬ 
tic, and in about 10-25% of patients it is atretic [31,32,34]. 
The ventricular endocardium is typically fibrotic and in some 
cases there may be diffuse endocardial fibroelastosis as well as 
myocardial fiber disarray [25,35-38]. 



Figure 17.1 Severely hypoplastic right ventricle (RV) in pulmonary atresia 
with intact ventricular septum. Four-chamber view from the apical window 
demonstrates a diminutive right ventricular cavity and a hypoplastic 
tricuspid valve annulus. LA, left atrium; LV, left ventricle; RA, right atrium. 



Figure 17.2 Moderately hypoplastic right ventricle in pulmonary atresia 
with intact ventricular septum seen from the apical 4-chamber view Note 
the nearly normal-sized tricuspid valve annulus. The right ventricle is 
about two-thirds the length of the left ventricle. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 
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Typically, the valve annulus is small and the leaflets and sup¬ 
porting apparatus are morphologically abnormal. The Congeni¬ 
tal Heart Surgeons Society (CHSS) multicenter study found that 
the tricuspid valve annulus diameter z-score is less than -2 in 
50% of patients and less than -5 in 10% of patients [14]. In 
addition to annular hypoplasia, the leaflets are often thickened, 
especially at their edges, the chordae tendineae are short and the 
papillary muscles are small. These abnormalities often result in 
tethered leaflets with reduced mobility [6,7,9,15,25,32,39]. 

Coronary arteries 

Abnormalities of the coronary arteries and the presence of right 
ventricular sinusoids are common in PA/IVS [14,25,27,32,40- 
43]. Right ventricular sinusoids are endothelial-lined chan¬ 
nels within the myocardium that communicate with the cavity. 
These are remnants of the sinusoidal spaces that nourish the 
myocardium in early fetal life. When they persist in postnatal 
life, they can be a site of communication between the right ven¬ 
tricular cavity and the coronary arteries. These fistulous com¬ 
munications are found in as many as 50% of patients with small, 
hypertensive right ventricles and may provide the only source 
of egress of blood from the RV [14,28,40-45]. Their prevalence 
increases with increased right ventricular pressure and corre¬ 
lates inversely with the size of the tricuspid valve and right ven¬ 
tricular cavity. 

The epicardial coronary arteries may also be abnormal, 
exhibiting intimal proliferation, nodularity or endarteritis 
[28,37,45,46]. Stenotic lesions within the coronary arteries or 
atresia of the coronary artery ostium at the aortic root can 
be present. These types of severe coronary abnormalities are 
more common in those with muscular atresia of the infundibu¬ 
lum [47]. Severe coronary artery stenoses and/or ostial atresia 
disrupt the flow of oxygenated blood from the aortic root to 
the myocardium. The myocardium that does not receive ante¬ 
grade flow from the epicardial coronary arteries may be per¬ 
fused entirely with blood from the right ventricle through per¬ 
sistent fistulous communications [42,43,48]. This condition is 
known as a right ventricular-dependent coronary circulation 
(Figures 17.3 and 17.4; Video 17.1) and is present in 10-20% of 
patients with PA/IVS [14,31,40,42,45,49-51]. 

Pulmonary valve and arteries 

By definition, there is luminal discontinuity between the right 
ventricle and the main pulmonary artery. In almost all cases 
the pulmonary valve is atretic. Approximately 70-80% of the 
patients have a small but patent infundibulum and membra¬ 
nous atresia of the valve, often with recognizable pulmonary 
valve tissue and definable commissures [20,25,27] (Figures 17.5 
and 17.6; Video 17.2). The remainder have muscular infundibu¬ 
lar atresia with or without overlying fibrous valve tissue [14,18] 
(Figure 17.7; Video 17.3). Rarely, the infundibulum is atretic 
and the pulmonary valve is patent [52]. The atretic pulmonary 
valve annulus diameter may be normal or mildly hypoplastic. 
The main and branch pulmonary arteries are usually normal in 



Figure 17.3 Coronary fistula in right ventricular-dependent coronary 
circulation. Angiography is done in the aortic root. The left coronary can 
be seen proximally and the stenosis is seen in the mid portion of the left 
anterior descending. The aneurysm is not obvious at this stage of the 
cardiac cycle. LMCA, left main coronary artery. 

size [9,18]. In the CHSS database, only 6% of patients had signif¬ 
icant pulmonary artery hypoplasia [14]. Rarely, the main pul¬ 
monary artery is absent. An absent main pulmonary artery is 
much more likely if there is muscular atresia of the right ventric¬ 
ular infundibulum [47]. Pulmonary blood flow is almost always 
through a patent ductus arteriosus [45,46]. 



Figure 17.4 Coronary fistula in right ventricular-dependent coronary 
circulation. This image is identical to that in Fig. 17.3, but depicts a 
different phase of the cardiac cycle. Now the aneurysm of the coronary 
artery is easily visualized just distal to the stenotic area. LMCA, left main 
coronary artery. 
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Figure 17.5 Pulmonary valve morphology in pulmonary atresia with intact 
ventricular septum. This en face image is taken from the high left 
parasternal window with the marker pointing straight left. The main 
pulmonary artery sinuses appear essentially normal. The commissures are 
well delineated, but thickened. This morphology is often seen in patients 
with membranous pulmonary valve atresia. PV, pulmonary valve. 



Figure 17.7 Right ventricular outflow tract in muscular pulmonary atresia. 
This subcostal short-axis view demonstrates a short right ventricular 
outflow tract with no obvious infundibular cavity. Instead there is muscular 
obliteration of the outlet and no identifiable pulmonary annulus. Inf, 
infundibulum; LV, left ventricle; RV, right ventricle. 


Pulmonary atresia with RV dilation 

The right ventricle is dilated in ~5-10% of patients with PA/IVS 
[14,28,31,32]. Right ventricular enlargement may be mild, but 
patients in this group can have massive cardiac enlargement due 
to severe right atrial dilatation. 
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Figure 17.6 Right ventricular outflow tract (RVOT) in membranous 
pulmonary atresia seen from the subcostal short-axis view of the outflow 
tract. Note the small but well-formed right ventricular outflow with a 
good-sized pulmonary valve (PV) annulus. LV, left ventricle; RV, right 
ventricle. 


Right atrium 

In contrast to the patients with right ventricular hypoplasia, 
patients in this group typically have severe tricuspid regurgita¬ 
tion. The right atrium is often severely dilated and there may be 
associated dilation of the venae cavae. The patent foramen ovale 
is often stretched with right-to-left atrial-level shunt. 

Right ventricle and tricuspid valve 

The tricuspid valve annulus and right ventricle are both larger 
than normal. In many, the right heart becomes so dilated 
that it compresses the left heart, compromising cardiac output 
(Figure 17.8). The heart may have a “wall-to-wall” appear¬ 
ance on chest radiography, similar to severe Ebstein anomaly 
(Figure 17.9). In some of these patients, Ebstein anomaly coex¬ 
ists, with significant apical displacement of the septal leaflet, 
leading to poor coaptation and severe tricuspid regurgitation 
[29,32,34,53,54]. In others, the tricuspid valve is hinged nor¬ 
mally at the annulus but the leaflets are redundant, dysplastic 
and sail-like. Because of the tricuspid regurgitation, the right 
ventricle is unlikely to be hypertensive and endocardial fibroe¬ 
lastosis is uncommon. The right ventricle tends to be thin-walled 
and dilated. Uhl anomaly of the right ventricle is uncommon, 
but has been reported [55]. Patients with a dilated right ventri¬ 
cle typically have membranous atresia of the pulmonary valve, 
although rarely they may have an associated muscular atresia of 
the infundibulum. 
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Figure 17.8 Severely dilated right ventricle (RV) and right atrium (RA) in 
pulmonary atresia with intact ventricular septum seen from the apical 
window. The tricuspid valve annulus is severely dilated and the tricuspid 
valve leaflets are elongated. The RV is significantly larger than the left 
ventricle (LV). The RA is severely dilated and the atrial septum deviates 
leftward, making the left atrium (S) appear much smaller than usual. LA, 
left atrium. 




Figure 17.9 Chest radiograph in newborn with severe right heart dilation 
and pulmonary atresia with intact ventricular septum. Note that the 
borders of the cardiac silhouette extend from the right chest wall to the left 
chest wall. 


Coronary arteries 

Because the right ventricle in this group of patients decom¬ 
presses during systole through tricuspid regurgitation, signifi¬ 
cant right ventricular hypertension is uncommon and anomalies 
of the coronary arteries are rare. 

Pulmonary valve and arteries 

Similar to the right ventricular hypoplasia group, the pul¬ 
monary valve annulus, main pulmonary artery and branch pul¬ 
monary arteries are likely to be normal in size or mildly under¬ 
sized. It is unusual for them to be diminutive, discontinuous 
or absent. 

Associated structural heart disease 

Normal cardiac position and segmental anatomy are present in 
~98% of patients with PA/IVS. There have been reports of asso¬ 
ciated morphologic abnormalities of the left heart, but hemody- 
namically significant left heart disease is rare [31,56,57]. 


Pathophysiology 

Preoperative 

Before birth, PA/IVS with severe tricuspid regurgitation and 
massive dilation of the right heart can result in low cardiac 
output, hydrops, and intrauterine death. Fetuses with PA/IVS 
and normal-sized or hypoplastic right ventricles usually survive 
pregnancy. 

After birth, the systemic venous return crosses the atrial sep¬ 
tum through the foramen ovale and mixes with the pulmonary 
venous return in the left atrium, which results in cyanosis. The 
ductus arteriosus remains the only source of pulmonary blood 
flow, and survival depends on maintaining ductal patency. 

The systolic pressure in the right ventricle depends on the 
pathways available for blood to exit the chamber. In the pres¬ 
ence of a competent tricuspid valve the systolic pressure is usu¬ 
ally very high, whereas in those with severe tricuspid regurgita¬ 
tion the pressure may be normal or only mildly elevated. In the 
postnatal circulation, coronary artery abnormalities can become 
important in a number of ways. In those with right ventricular- 
dependent coronary artery circulation, oxygen delivery to the 
myocardium depends on the perfusion pressure and oxygen 
content in the right ventricle. If either of these falls significantly, 
myocardial ischemia can result. With or without right ventricle- 
dependent coronary circulation, increased intracavitary pres¬ 
sure may lead to chronic subendocardial ischemia. Finally the 
presence of right ventricle-to-coronary artery communications 
can allow for a right-sided circular shunt [46]. Blood can go from 
RV to coronary artery to coronary vein to coronary sinus to right 
atrium to right ventricle without passing through the systemic 
capillary bed. Any or all of these factors can cause chronic and/or 
intermittent ischemia, which can adversely affect both systolic 
and diastolic myocardial properties [56,58-61]. 
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Postoperative 

Postoperative physiology varies greatly depending on the oper¬ 
ation performed. The most dramatic changes are those occur¬ 
ring after decompression of the right ventricle. As right ven¬ 
tricular pressure falls, myocardium that was perfused through 
sinusoids may experience at least a transient decrease in blood 
flow, leading to myocardial ischemia. The degree of ischemia 
depends on the extent to which blood from the aortic root can 
reach those myocardial segments through the epicardial coro¬ 
nary arteries. If there are significant coronary artery stenoses, 
the myocardial segments distal to those stenoses may become 
profoundly ischemic and severe ventricular dysfunction may 
ensue [49,50]. Even without coronary stenoses, if there are large 
coronary-earneral fistulae, then these may cause “steal” of blood 
flow from the coronary arteries as right ventricular pressure falls 
[58,59]. Ventricular dysfunction can be transient, although for 
some patients it is profound and irreversible. 

Treatment 

Prenatal 

Accurate early diagnosis offers parents the option to consider 
fetal therapy. Evidence from prenatal studies indicates that early 
atresia of the pulmonary valve can be associated with an arrest 
of right heart growth in utero [63]. This observation has led 
to speculation that in utero restoration of antegrade pulmonary 
blood flow may stimulate growth of the right ventricle and tri¬ 
cuspid valve. Over the past decade, reports of successful in utero 
pulmonary valve dilation have been published [62,63]. Although 
in some cases growth of the right ventricle, tricuspid valve, and 
outflow tract has been observed after the intervention, this was 
not seen in other cases [63-66]. At present, selection criteria 
identifying fetuses likely to benefit from intrauterine interven¬ 
tion remains unknown. As the techniques used for in utero bal¬ 
loon valvuloplasty continue to improve and experience with this 
intervention accumulates, it is reasonable to expect that better 
information will become available concerning the risks, benefits 
and criteria for patient selection. 

PA/IVS with RV hypoplasia 

The goal of treatment is to achieve a biventricular circulation in 
as many infants as possible without compromising myocardial 
perfusion [14,67-89]. 

Patients with right ventricular-dependent coronary circula¬ 
tion are at risk for myocardial ischemia and death if the right 
ventricle is decompressed. Therefore, a single ventricle man¬ 
agement strategy is pursued. The first step is to create a stable 
source of pulmonary blood flow by a systemic-to-pulmonary 
artery shunt. Eventually, palliation is achieved with a Fontan- 
type circulation in the first few years of life [14,90,91]. Without 
establishment of antegrade pulmonary blood flow, there is no 
growth of the right ventricle and it usually remains hypoplas¬ 
tic and hypertensive. There is a paucity of long-term outcome 


data in these patients, but follow-up of patients up to 10 years 
after surgery suggests that the overall survival in patients with 
PA/IVS and a single ventricle circulation is ~80% [90,91]. 

For the majority of infants, coronary flow is not dependent on 
the right ventricle and a biventricular repair can be considered. 
The first step is creation of antegrade pulmonary blood flow. 
This can be achieved by placement of a right ventricular outflow 
tract patch, surgical valvotomy, or by transcatheter perforation 
and balloon dilation of the valve [67,83,88,89,92,93]. The hope 
is that restoring antegrade pulmonary blood flow can stimulate 
right heart growth, ultimately giving the patient a right ventricle 
that can carry a full cardiac output. 

If antegrade flow is established and significant cyanosis per¬ 
sists, an alternate source of pulmonary blood flow may be 
needed. This is most commonly achieved by placement of 
a Blalock-Taussig shunt or stenting of the ductus arteriosus 
[88,94-96]. Once stable pulmonary blood flow is established, 
patients are followed with noninvasive imaging to assess tri¬ 
cuspid valve and right ventricular growth. If the right ven¬ 
tricle grows sufficiently, then an attempt is made to occlude 
or ligate any accessory sources of pulmonary blood flow and 
close any existing atrial level shunts, either surgically or with an 
implantable occlusion device. 

In many case series, there is a subset of patients who thrive 
after a right ventricular outflow tract procedure and a shunt, yet 
fail attempts to remove accessory sources of pulmonary blood 
flow from the circulation and close the atrial communication(s). 
In some of these patients a strategy has been pursued in which 
the atrial communication is closed and a bidirectional Glenn 
shunt is performed (called 1.5-ventricle repair). This allows infe¬ 
rior vena caval flow to be carried by the right ventricle while 
flow from the superior vena cava is delivered directly to the pul¬ 
monary vascular bed [97-99]. 

PA/IVS with RV dilation 

Management of patients with PA/IVS and massive right ven¬ 
tricular dilation is challenging. This group has higher rates of 
in utero demise, newborn morbidity, and postoperative mor¬ 
tality. There have been some successful attempts at creating a 
biventricular circulation by performing tricuspid valvuloplasty 
in addition to placement of a right ventricular outflow tract 
patch. In some cases, this may be done in association with a sur¬ 
gical reduction in the size of the RV and/or right atrium. Rarely, 
pulmonary valvotomy or a right ventricular outflow tract patch 
alone is sufficient. 

Imaging 

PA/IVS was first diagnosed by M-mode echocardiography in 
the late 1970s [100,101]. By the mid-1980s, two-dimensional 
(2D) echocardiography had supplanted M-mode, increasing the 
available anatomic detail [102,103]. With the addition of color 
and spectral Doppler technology, noninvasive evaluation has 
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become more detailed and increasingly important for diagnosis 
and assessment of prognosis. 

Prenatal assessment 

Increasingly, the diagnosis of PA/IVS is being made in utero. 
Echocardiographic details are used to assess candidacy for fetal 
balloon valvuloplasty and can also be important tools for judg¬ 
ing overall prognosis [104-115]. Because this lesion frequently 
causes a change in chamber size, it is relatively easy to identify 
on an obstetrical screening exam. Unfortunately, right ventricu¬ 
lar hypoplasia may not be obvious early in the second trimester, 
and screening ultrasound at 14-18 weeks of gestation may only 
identify the most severe cases. Early diagnosis can be made more 
often if color Doppler is used to evaluate tricuspid valve func¬ 
tion, flow through the right ventricular outflow tract and pul¬ 
monary valve, and the direction of ductal flow. 

Fetal evaluation includes detailed assessment of the right heart 
structures, including tricuspid valve size and function; right 
ventricular morphology, size and function; presence of coro¬ 
nary artery fistulae; morphology of the right ventricular out¬ 
flow tract and the pulmonary arteries. Evaluation of the tri¬ 
cuspid valve includes measurements of the annulus diameter in 
the 4-chamber and long-axis planes and depiction of the valvar 
and subvalvar apparatus anatomy (Figures 17.10-17.12; Videos 
17.4 and 17.5). Color Doppler is used to assess valve inflow and 
regurgitation (Video 17.6). Spectral Doppler is used to assess the 



Figure 17.11 Fetal heart in pulmonary atresia with intact ventricular 
septum and right ventricular dilation. The image illustrates that the heart 
spans the entire width of the chest. It also extends posteriorly, although one 
can see small amounts of lung tissue behind the left atrium and left 
ventricle. The tricuspid valve annulus is dilated and the leaflets are 
redundant. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right 
ventricle; TV, tricuspid valve. 



Figure 17.10 Fetal heart in pulmonary atresia with intact ventricular 
septum and right ventricular hypoplasia. Note that the right ventricular 
cavity is markedly hypoplastic and the right ventricular apex does not reach 
the left ventricular apex. The tricuspid valve annulus diameter is roughly 
half that of the mitral valve and the atrial septum deviates into the left 
atrium. LV, left ventricle; RA, right atrium; RV, right ventricle. 



Figure 17.12 Tricuspid valve in fetus with pulmonary atresia and intact 
ventricular septum. This coronal view shows massive dilation of the right 
ventricle as well as the redundant, sail-like tricuspid valve leaflets. LV, left 
ventricle; RA, right atrium; RV, right ventricle; TV, tricuspid valve leaflet. 
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Figure 17.13 Right ventricular outflow tract evaluation in a fetus with 
membranous pulmonary atresia. This long-axis view of the right 
ventricular outflow tract demonstrates a patent infundibulum, an atretic 
pulmonary valve, and a good-sized main pulmonary artery LV, left 
ventricle; MPA, main pulmonary artery; PV, pulmonary valve; RVOT, right 
ventricular outflow tract. 

inflow pattern and to estimate right ventricular systolic pressure 
when a regurgitation jet is present. The right ventricle should be 
evaluated in all views with attention to length, degree of hyper¬ 
trophy and degree of systolic dysfunction. Color Doppler is used 
to screen for coronary artery fistulae. Magnifying the right ven¬ 
tricle and interrogating the cavity and myocardium by color 
Doppler with a low Nyquist limit allows visualization of coro¬ 
nary artery fistulae in some fetuses. Fistulae are seen as streams 
of color signals within the myocardium and jets into the cav¬ 
ity during diastole (Video 17.7). The right ventricular outflow 
tract and main pulmonary artery are imaged to evaluate pul¬ 
monary annulus size and outflow tract patency (Figure 17.13). 
Color Doppler is used to determine presence or absence of flow 
across the pulmonary valve. In the presence of flow from the 
aorta to the pulmonary artery through the ductus arteriosus, the 
pulmonary valve may not open even when it is not anatomi¬ 
cally atretic (functional atresia). In this case, detection of pul¬ 
monary regurgitation excludes pulmonary valve atresia. The 
main and branch pulmonary artery anatomy and size are doc¬ 
umented. The ductus arteriosus is evaluated with 2D imaging 
and color Doppler. In PA/I VS, flow is from the aorta to the pul¬ 
monary arteries, the reverse of normal flow direction (Video 
17.8). The atrial septum is evaluated to document unrestric- 
tive right-to-left flow at the atrial level. As with all fetuses, the 
echocardiogram includes an evaluation of left heart anatomy 
and function as well as Doppler evaluation of the umbilical 
vessel, ductus venosus, and inferior vena cava. The flow 
profile in the umbilical vessels and hepatic veins can be markedly 



Figure 17.14 Spectral Doppler in the hepatic veins in a fetus with 
pulmonary atresia and intact ventricular septum. Flow below the baseline is 
toward the heart and flow above the baseline is away from the heart. This 
tracing shows a prolonged period of no flow in the hepatic veins as well as a 
short period of retrograde flow (away from the heart). Typically, hepatic 
venous flow is toward the heart, occasionally with very short periods of no 
flow. This tracing is consistent with severe tricuspid regurgitation. 

abnormal in the presence of significant tricuspid regurgitation 
(Figure 17.14). 

Studies in fetuses with PA/IVS show that a smaller tricus¬ 
pid valve diameter and right ventricular size are predictive of 
worse hypoplasia of the right heart at birth, and are associated 
with a lower likelihood of achieving a biventricular outcome 
[109-112]. Sequential prenatal echocardiograms are important 
in that they add potentially valuable prognostic information 
about growth velocity of the tricuspid valve and right ven¬ 
tricle, as well as progression of tricuspid regurgitation [109]. 
Although no studies have documented that prenatal diagnosis 
of PA/IVS leads to improved postnatal outcome, some studies 
of other duct-dependent congenital heart disease have suggested 
decreased morbidity and neurologic sequelae in prenatally diag¬ 
nosed patients [116-118]. 

Preoperative imaging 

Similar to the prenatal evaluation, the postnatal echocardiogram 
includes a comprehensive anatomic survey with particular atten¬ 
tion to the right-sided structures. Every effort should be made to 
optimize conditions for high-quality imaging, including adjust¬ 
ment of lighting, use of high-frequency transducers, and mini¬ 
mization of patient movements. 

Key elements 

In all cases, complete anatomic and functional examination by 
2D and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority. 

Preoperative examination: 

• Imaging of the atrial septum with documentation of flow 
direction by color Doppler and velocity by spectral Doppler. 
If restrictive, measure mean gradient. 

• Measurements of tricuspid valve annulus diameters in the api¬ 
cal 4-chamber and parasternal long-axis views. 
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• Evaluation of tricuspid valve morphology by 2D and 3D imag¬ 
ing, including leaflets, chordae tendineae, and papillary mus¬ 
cles. Note leaflet thickness and motion, tethering, and dis¬ 
placement. 

• Evaluation of tricuspid valve stenosis and regurgitation by 
color and spectral Doppler. If tricuspid regurgitation is 
present, document peak velocity for assessment of right ven¬ 
tricular systolic pressure along with contemporaneous sys¬ 
temic blood pressure. 

• Image the RV with particular attention to chamber size, 
thickness, and myocardial architecture (e.g., excessive mus¬ 
cle bundles). Note the morphology of the sinus (inflow) and 
infundibular (outflow) portions of the ventricle. 

• Assessment of right ventricular function. 

• Evaluation of the RV outflow tract. Note muscular versus 
membranous atresia. 

• When present, measure pulmonary valve annulus diameter. 

• Measurements of main and branch pulmonary arteries 
diameters. 

• Evaluation of the ductus arteriosus with documentation of 
smallest size and direction of flow. 

• Imaging of the origins and flow in the proximal coronary 
arteries. Document flow from the aortic root into the proxi¬ 
mal left and right coronary arteries. 

• Evaluation of right ventricle-to-coronary artery fistulae by 
color and, when feasible, spectral Doppler. 

• Evaluation of global and regional left ventricular function. 
Note any regional wall motion abnormalities. 

• Evaluation of associated cardiovascular anomalies. 

The ability of the right ventricle to fill and, therefore, to 
grow depends on the size of the tricuspid valve and on the size 
and compliance of the inflow portion. Numerous studies have 
demonstrated that tricuspid valve annulus diameter predicts 
outcome after catheter-based or surgical treatment of PA/I VS 
[14,110-112,119-122]. Therefore, it is of utmost importance to 
obtain clear images of the tricuspid valve and its supporting 
apparatus and to measure the annulus diameters in orthogo¬ 
nal views. The apical 4-chamber view depicts the lateral diame¬ 
ter (Figures 17.1 and 17.2) and the parasternal long-axis angled 
towards the right hip shows the anterior-posterior diameter 
(Figure 17.15). An annulus diameter z-score of less than -3 is 
associated with a lower likelihood of tolerating right ventric¬ 
ular decompression as the sole intervention [14]. The subval¬ 
var apparatus can be difficult to image due to right ventricular 
hypertrophy (Figure 17.16). It is often best seen in the short-axis 
sweeps from the parasternal and the subcostal acoustic windows. 
Three-dimensional imaging of the subvalvar apparatus can help 
clarify the anatomy in some patients. Color and spectral Doppler 
are used to assess inflow and regurgitation (Figure 17.17; Video 
17.9). 

The right ventricular inflow is best imaged in the 4-chamber 
and subcostal long-axis views (Figures 17.1 and 17.2), allow¬ 
ing measurements of chamber length. The outflow portion of 
the right ventricle is visualized from the subcostal short-axis 



Figure 17.15 Parasternal long-axis view of the tricuspid valve and right 
ventricular inflow. The transducer is angled toward the right. This is a 
standard view for measuring the tricuspid valve annulus (in addition to the 
4-chamber view). The hinge points of the tricuspid valve are noted. The 
valve annulus is measured at the hinge points of the leaflets, not at the 
functional orifice. LV, left ventricle; RA, right atrium; RV, right ventricle. 



Figure 17.16 Parasternal short-axis imaging of the ventricles during systole 
at the level of the left ventricular papillary muscles. Note that only a small 
amount of right ventricular cavity is visualized at this level. There is severe 
hypertrophy of the right ventricular wall as well as septal bowing toward 
the left ventricle, consistent with suprasystemic right ventricular pressure. 
LV, left ventricle; RV, right ventricle. 
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Figure 17.17 Doppler tracing of the tricuspid valve inflow recorded from 
the apical 4-chamber view in a patient with pulmonary atresia and intact 
ventricular septum. Note the very short period of low-velocity antegrade 
flow across the valve (above the baseline). The flow below the baseline will 
vary depending on the amount of tricuspid regurgitation. 

view (Figures 17.6 and 17.7; Videos 17.2 and 17.3), from the 
parasternal long-axis view with the transducer angled toward 
the left shoulder and from the parasternal short-axis view with 
the transducer focused on the area anterior to the aortic root 
(Figure 17.18; Video 17.10). These views are excellent for evalu¬ 
ating the anatomy of the infundibulum and for color Doppler 
interrogation of the pulmonary valve. As with the prenatal 
echocardiogram, detection of a tiny antegrade jet through the 
pulmonary valve may be difficult to visualize in the presence of 
retrograde ductal flow into the main pulmonary artery. There¬ 
fore, detection of even the smallest jet of pulmonary regurgita¬ 
tion indicates that the pulmonary valve is not atretic. 

The diameters of the pulmonary valve annulus and main and 
branch pulmonary arteries are measured from the parasternal 
images, although sometimes they are also clearly seen from a 
modified apical view with the transducer angled anteriorly. The 
pulmonary artery branches are best seen from a high paraster¬ 
nal short-axis view with the transducer placed just below the left 



Figure 17.18 Parasternal short-axis image of the right ventricular outflow 
tract demonstrating a patent infundibulum. The pulmonary valve tissue is 
clearly seen but there is no functional orifice. The pulmonary valve annulus 
is well developed. Ao, aorta; PA, main pulmonary artery; PV, pulmonary 
valve; RV inf, right ventricular infundibulum. 



Figure 17.19 Branch pulmonary arteries in a patient with membranous 
pulmonary atresia. The image is from a high left parasternal imaging 
window with the marker oriented to the left. The main and branch 
pulmonary arteries are normal in size and appearance. Lpa, left pulmonary 
artery; Main PA, main pulmonary artery; Rpa, right pulmonary artery. 


clavicle (Figures 17.19 and 17.20). The main pulmonary artery 
is evaluated in this view as well as from the parasternal long- or 
lower short-axis views. 

The presence and size of an atrial-level shunt are evaluated 
from the subcostal long- and short-axis views (Figure 17.21; 



Figure 17.20 Branch pulmonary arteries in a patient with muscular 
pulmonary atresia. The image is from a high left parasternal imaging 
window with the marker oriented to the left. The pulmonary arteries are 
confluent and normally located, but no main pulmonary artery is present. 
Ao, aorta; PA, pulmonary artery. 
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Figure 17.21 Patent foramen ovale in newborn with pulmonary atresia and 
intact ventricular septum imaged from the subcostal long-axis window. 

The image shows the widely sprung foramen ovale with the basal portion 
of the septum swung toward the left atrium. This appearance is typical in 
all forms of pulmonary atresia with intact ventricular septum. LA, left 
atrium; RA, right atrium. 

Video 17.11). One expects to see predominantly right-to-left 
shunting at the atrial level. In the rare event of a restricted atrial 
shunt, it manifests as turbulent flow demonstrated by color and 
spectral Doppler of the right-to-left flow jet. The mean gradient 
is recorded. 

The ductus arteriosus is imaged from a high left parasternal 
view. In most patients, the pulmonary arteries are supplied by a 
patent ductus arteriosus. Rarely aorto-pulmonary collateral ves¬ 
sels are present and a thorough evaluation of the mid-thoracic 
descending aorta to detect these vessels should be done. The 
mid-thoracic aorta can be imaged from the subcostal view, but 
parasternal windows can be used as well. 

Detailed evaluation of the coronary arteries is particularly 
important in patients with PA/IVS. Right ventricular sinusoids 
and coronary artery fistulae are evaluated by color Doppler 
[123-125.]. The ventricular cavity and myocardium are inter¬ 
rogated by color Doppler with a low Nyquist limit from the 
4-chamber, parasternal, and subcostal views (Figure 17.22; 
Videos 17.12-17.14). Coronary-cameral fistulae manifest as 
flow signal within the myocardium, communicating with the 
right ventricular cavity. The ostia and proximal segments of the 
left and right coronary arteries are evaluated from the paraster¬ 
nal short-axis view. The coronary artery origins are identi¬ 
fied by 2D imaging and, importantly, flow from the root into 
the coronary arteries is then documented by color Doppler. 
Rarely, coronary ostial atresia can be present [47,126]. Although 
echocardiography can document the presence of coronary fis¬ 
tulae and/or sinusoids, cardiac catheterization and angiography 
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Figure 17.22 Fistula from the coronary artery to the right ventricle. This is 
a magnified image of the small right ventricle taken from the apical 
4-chamber view. Note the prominent color jet in the middle of the right 
ventricle. This represents flow from an apical sinusoid into the right 
ventricle. RA, right atrium; RV, right ventricle; S, septum; TV, tricuspid 
valve. 


remain the gold standard for the assessment of a right 
ventricular-dependent coronary circulation. Finally, detailed 
assessment of left ventricular size and function is important, 
with particular attention to the presence of any regional wall 
motion abnormalities. 

For those with a dilated right ventricle, the echocardio¬ 
gram proceeds in a similar fashion but with particular atten¬ 
tion directed toward the anatomy and function of the tri¬ 
cuspid valve and the subvalvar apparatus (Video 17.15). 
Three-dimensional echocardiography can be helpful in evalu¬ 
ating the tricuspid valve in these patients. 

Intraoperative imaging 

The role of imaging in the operating room varies depending 
on the operation performed. In the setting of shunt placement, 
there is usually little need for imaging support, although some 
surgeons request an evaluation of ventricular function once 
shunt flow commences. In patients undergoing right ventric¬ 
ular decompression, imaging is useful for assessing both right 
and left ventricular function after the procedure. In addition, 
echocardiography can document patency of the right ventricular 
outflow tract. The RV and the outflow tract can be evaluated by 
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Figure 17.23 Transgastric view of the ventricles. The esophageal probe is in 
the stomach and anteflexed maximally to achieve this view. It should be 
possible to sweep from right to left and visualize most of the left ventricle. 
The anterior portion of the right ventricle is seen as well, but other 
segments may be difficult to image. LV, left ventricle; RV, right ventricle. 


epicardial imaging techniques, but transesophageal echocardio¬ 
graphy (TEE) is often preferred because of the wider field of view 
and because it avoids interference with the surgical field. Ven¬ 
tricular function can be assessed by TEE from all views, but is 
often best demonstrated from transgastric views (Figure 17.23). 
In these views, the ventricles can be imaged in short-axis with 
a sweep from the base of the heart to the apex. Further assess¬ 
ment is done in the 4-chamber view with attention to both global 
function and regional wall motion abnormalities. 

In patients with PA/IVS and dilated right ventricle, the first 
operation often involves right ventricular decompression, tri¬ 
cuspid valve plasty, and a procedure to decrease the size of the 
right heart chambers. In these patients, TEE can be used to 
assess tricuspid valve and right ventricular function in addition 
to left ventricular function. In general, the tricuspid valve is best 
imaged from the 4-chamber view (Video 17.16) and from short- 
axis views obtained from the mid-esophagus. This is done with 
the imaging plane at a 90-110° orientation with the probe turned 
toward the patients right. 

Postoperative imaging 

Goals for follow-up echocardiography vary with the surgi¬ 
cal strategy being pursued. In children with a systemic-to- 
pulmonary artery shunt, the shunt can be imaged from the high 
parasternal views (Figures 17.24a,b and 17.25). The shunt can 
also be imaged from the subcostal views. If shunt occlusion is 
suspected, the descending aorta is interrogated by Doppler for 
evidence of diastolic flow reversal due to runoff through the 
shunt (Figure 17.26). For those patients who have been palliated 



Figure 17.25 Blalock-Taussig shunt. Image of the distal end of a right 
Blalock-Taussig shunt taken from a high left parasternal view. The marker 
is pointed to the left and the transducer is angled slightly toward the right 
chest to find the distal end of the shunt. PA, pulmonary arteries; S, shunt. 

with stenting of the duct, the high left parasternal views of the 
duct and descending arch are used to document stent patency 
and direction of flow (Video 17.17). 

Key elements 

Postoperative examination after RV decompression procedure: 

• Imaging of the atrial septum with documentation of flow 
direction by color Doppler and velocity by spectral Doppler. 
If restrictive, measure mean gradient. 

• Measurements of tricuspid valve annulus diameters in the api¬ 
cal 4-chamber and parasternal long-axis views. 

• Assessment of TV inflow by color and spectral Doppler. Doc¬ 
ument mean inflow gradient. 

• Assessment of RV systolic pressure by TR jet velocity. 

• If significant TR, assessment of mechanism; consider 3D 
imaging. 

• Assessment of RV size, morphology, and function; consider 
3D imaging. 

• Evaluation of the right ventricular outflow tract for subvalvar 
stenosis using color and spectral Doppler. 

• Rule-out aneurysm of the right ventricular outflow tract. 

• Evaluation of pulmonary valve stenosis and/or regurgitation. 

• Measurement of pulmonary valve annulus diameter. 

• Measurements of main and branch pulmonary arteries diam¬ 
eters. 
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Figure 17.24 Long-axis views of the 
Blalock-Taussig shunt. The transducer is 
positioned just to the left of the upper sternum 
with the marker oriented superiorly or slightly 
to the left. The examiner sweeps toward the 
right to get into the plane of the shunt, (a) The 
shunt with color Doppler, (b) The shunt by 2D 
imaging. The entire length of the shunt is 
visualized. These views are used to evaluate the 
shunt for thrombus or focal stenosis. PA, 
pulmonary artery. 



• Measurements of left ventricular size and function. Note any 
regional wall motion abnormalities. 

• If procedure was RV decompression with a shunt or stented 
ductus arteriosus to augment pulmonary blood flow, the fol¬ 
lowing are assessed: 

° Evaluation of shunt/ductus by 2D, color, and spectral 
Doppler 

° Spectral Doppler in the descending aorta for diastolic 
run-off. 

After a procedure to decompress the right ventricle, follow¬ 
up echocardiography is used to evaluate the right ventricular 
outflow tract and pulmonary valve for obstruction and regur¬ 
gitation. Both color and spectral Doppler are used to assess 



Figure 17.26 Spectral Doppler in the descending aorta recorded from the 
subcostal window with the cursor aligned with the descending aorta. Note 
the normal systolic flow profile toward the diaphragm as well as 
holodiastolic flow going away from the diaphragm. This diastolic flow is 
typical for a patient with an aorto-pulmonary shunt. 


blood flow across the outflow tract and pulmonary artery 
(Figure 17.27). It is important to note the degree and mechanism 
of obstruction to blood flow. Echocardiography is also impor¬ 
tant for assessing tricuspid valve size and function, right ven¬ 
tricular size and function, the direction of flow across the atrial 
septum, and global and regional left ventricular function [127]. 
Right ventricular systolic pressure is evaluated based on the tri¬ 
cuspid regurgitation jet velocity. In some patients, abnormalities 
of the right ventricular myocardial architecture persist despite 
adequate chamber growth (Figure 17.28). Similarly, persistent 
structural abnormalities of the tricuspid valve are common and 
may be the substrate for hemodynamically important stenosis 
and/or regurgitation. Diastolic flattening of the interventricular 
septum is a common finding and suggests right ventricular vol¬ 
ume overload from pulmonary and/or tricuspid valve regurgita¬ 
tion (Figure 17.29). 

In patients managed with a single ventricle strategy, echocar¬ 
diography focuses on the elements relevant to a success¬ 
ful Fontan operation. Follow-up echocardiography includes 
detailed evaluation of left ventricular size and function, atri¬ 
oventricular valve regurgitation and pulmonary artery growth. 
Each follow-up study should document unrestrictive flow across 
the atrial septum. In patients undergoing a modified Fontan 
operation, the right ventricle usually remains hypoplastic and 
hypertensive and the septum bows into the left ventricle 
(Figures 17.30 and 17.31). 

In patients with PA/IVS and abnormal coronary arteries (e.g., 
fistulae, stenoses), long-term follow-up of myocardial function 
is warranted. In addition to standard assessment of global and 
regional left ventricular function at rest, stress echocardiogra¬ 
phy can provide information about myocardial segments at risk 
for ischemia. To date, experience with this patient group is lim¬ 
ited and the optimal strategy for evaluating myocardial ischemia 
in this population (e.g., stress echocardiography, nuclear 
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Figure 17.27 Spectral Doppler of the right 
ventricular outflow tract. The signal below the 
baseline represents antegrade systolic flow 
across the pulmonary annulus. The signal 
above the baseline represents retrograde 
diastolic flow in the right ventricular outflow 
tract from pulmonary regurgitation. 


techniques, magnetic resonance perfusion and viability) awaits 
further studies. 

Cardiac magnetic resonance imaging (MRI) can be used 
during follow-up of patients with PA/IVS when quantification 



Figure 17.28 Right ventricular growth, 6 years after biventricular repair. 
This is a 4-chamber view in a patient with pulmonary atresia with intact 
ventricular septum status post-pulmonary valve dilation and placement of 
a Blalock-Taussig shunt followed by shunt ligation and atrial septal defect 
closure at age 1 year. The right ventricle is nearly normal in length, but still 
has abnormal myocardial architecture. Note the large mid-ventricular 
muscle bar. LA, left atrium; LV, left ventricle; M, muscle bar; RA, right 
atrium; RV, right ventricle. 


of antegrade blood flow into the pulmonary artery is impor¬ 
tant in deciding treatment strategy. In older patients in whom 
echocardiography cannot adequately image the right ventricle 
or pulmonary arteries, this modality offers a noninvasive 



Figure 17.29 Right ventricle after pulmonary valve dilation. This is a 
parasternal short-axis image showing the right ventricle several years after 
pulmonary valve dilation. Compared with the newborn period, the right 
ventricle is less hypertrophied and the cavity is larger. There is diastolic 
septal flattening consistent with right ventricular volume load from 
pulmonary regurgitation. LV, left ventricle; RV, right ventricle; S, septum. 
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Figure 17.30 Lateral tunnel style of Fontan operation seen from the apical 
4-chamber view in a patient with moderate right ventricular hypoplasia. 
The hypoplastic tricuspid valve and right ventricle are seen. As expected 
without antegrade flow through the right ventricular outflow tract, no right 
ventricular growth has taken place. The Fontan tunnel is identified in the 
posterior portion of the right atrium. F, Fontan pathway; LA, left atrium; 
LV, left ventricle; RV, right ventricle. 



Figure 17.31 Fontan pathway. This is a magnified image from the 
4-chamber view of the right atrium in a patient with a lateral tunnel style of 
Fontan pathway. This is an excellent view for evaluating the tunnel, any 
fenestrations in the tunnel, right-sided pulmonary venous flow around the 
tunnel and the tricuspid valve function. F, Fontan pathway; RV, right 
ventricle. 


alternative. MRI can also be used to answer questions related 
to RV fibrosis, delayed enhancement of myocardium and global 
systolic function [99,128-130]. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 17.1 Coronary artery stenosis by angiography. Angiogram of 
a patient with right ventricular-dependent coronary arteries. This 
injection into the left main coronary artery shows a prominent 
aneurysm in the mid portion of the vessel, just distal to a very tight 
area of vessel stenosis. 

Video 17.2 Subcostal short-axis sweep in pulmonary atresia with 
intact ventricular septum. This video is focused on the right ventri¬ 
cle and shows how well one can image the right ventricular outflow 
from this view, particularly in infants. This is an excellent view for 
evaluating tricuspid valve tissue and papillary muscles (seen in the 
caudal aspect of the right ventricular image, just to the right of the 
septum). 

Video 17.3 Subcostal long-axis sweep in pulmonary atresia with 
intact ventricular septum. This clip shows how well one can image 
both the inflow and outflow portions of the right ventricle as the 
sweep progresses from posterior to anterior. 

Video 17.4 Prenatal evaluation in a mid-trimester fetus with mod¬ 
erate hypoplasia of the right ventricle and tricuspid valve. Note the 
hypertrophied right ventricular apex and poor movement of the tri¬ 
cuspid valve during the cardiac cycle. 

Video 17.5 Prenatal evaluation in fetus with pulmonary atresia 
with intact ventricular septum and RV dilation. This fetus has dila¬ 
tion of the RV and a severely dysplastic tricuspid valve; note that 
the heart is “wall to wall.” The cardiac silhouette reaches from one 
ribcage to the other and there is diminished room for the lung tis¬ 
sue. The right atrium is much larger than the left atrium due to the 
tricuspid regurgitation, leading to left atrial compression. 

Video 17.6 Fetal tricuspid regurgitation. This is an evaluation of 
tricuspid regurgitation in a mid-trimester fetus with pulmonary 
atresia and intact ventricular septum who has severe RV dilation 
and a very dysplastic tricuspid valve. This is a magnified image of the 
dysplastic tricuspid valve. The severe tricuspid regurgitation results 
in massive dilation of the right atrium. 

Video 17.7 Coronary artery fistula in fetal life. There is a small 
coronary-earneral fistula entering the right ventricle of a fetus with 
pulmonary atresia and intact ventricular septum associated with 
severe right ventricular hypoplasia. These can be difficult to see in 
the fetus. Note that the Nyquist limit is decreased in an attempt to 
find low-velocity diastolic flow. 

Video 17.8 Prenatal evaluation of the ductus arteriosus in a fetus 
with pulmonary atresia with intact ventricular septum. The duct is 




312 Part IV Anomalies of the Ventriculo-arterial Junction and Great Arteries 


well seen in the arch view. Typically ductal flow is towards the aorta 
in the normal fetus. In this fetus, flow is towards the pulmonary 
artery as expected in the setting of pulmonary atresia. 

Video 17.9 Color Doppler evaluation of the tricuspid valve from 
the apical view. Note that there is very little antegrade tricuspid valve 
flow and very little tricuspid valve motion. This illustrates the low 
volume to-and-from flow that is characteristic of patients with pul¬ 
monary atresia. 

Video 17.10 Parasternal imaging of the right ventricular outflow 
tract. This composite image shows how well one can evaluate the 
infundibulum, valve tissue and proximal main pulmonary artery 
from the parasternal acoustic window. These images are taken 
from a mid to high parasternal window with the transducer “dot” 
almost straight leftward. The color Doppler portion of the com¬ 
posite reveals the lack of antegrade or retrograde flow across fairly 
thin valve tissue. Note that though there is membranous atresia, 
the valve sinuses are well formed and the annulus looks normal 
in size. 

Video 17.11 Evaluation of atrial septum. This is a subcostal long- 
axis image of the atrial septum. The color Doppler reveals that there 
is a right-to-left shunt at the atrial level, typical of pulmonary atresia 
and intact ventricular septum. This is an example of a widely sprung 
foramen ovale. 

Video 17.12 Right ventricular-coronary artery fistula. This is a 
magnified image of the right ventricular outflow tract from the sub¬ 
costal acoustic window. The arrow is delineating a color jet of to- 
and-from flow within the myocardium and right ventricular cav¬ 
ity. This is the typical appearance of a low velocity fistula due to 
intramyocardial sinusoids which communicate with both the coro¬ 
nary arteries and the ventricular cavity. 

Video 17.13 Coronary sinusoid and associated aneurysm. This is a 
magnified image taken from the parasternal short-axis window. The 
aorta is in the center of the screen. The arrow delineates an echo-free 
space within the myocardium anterior to the aorta. This space looks 
very dilated during a portion of the cardiac cycle and much more 
like a mildly ectatic vessel in other portions of the cardiac cycle. This 
is an aneurysm of the intramyo cardial sinusoid associated with a 
coronary artery stenotic lesion. 

Video 17.14 Color Doppler of coronary sinusoid and associated 
aneurysm. This is the same image as in Video 17.13, but with color 
Doppler. The color makes it easy to see the to-and-from flow in the 
aneurysmal vessel. This particular patient had complete atresia of 
the coronary ostia, though that is not obvious from this clip. 

Video 17.15 Two-dimensional imaging and color Doppler eval¬ 
uation of a dysplastic tricuspid valve in pulmonary atresia with 
intact ventricular septum and a dilated right ventricle. This is a very 
abnormal-appearing tricuspid valve and subvalvar apparatus. 

Video 17.16 Intraoperative TEE. Evaluation in a patient with pul¬ 
monary atresia and intact ventricular septum who has moderate 
hypoplasia of the tricuspid valve. TEE typically gives excellent views 


of the annulus size and is a good modality for evaluating tricuspid 
valve function. This example shows that there is some antegrade tri¬ 
cuspid valve flow, though with a narrowed inflow jet, and no signif¬ 
icant tricuspid regurgitation. 

Video 17.17 Evaluation of a stent in the ductus arteriosus in an 
infant with pulmonary atresia and intact ventricular septum. The 
stent is well seen in the high left parasternal image. This dual 
view suggests that there is no significant thrombus and robust flow 
through the stent with the majority of the flow going towards the 
pulmonary artery, as expected. 
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Abnormalities of the ductus arteriosus 
Definition 

The ductus arteriosus (DA) is a normal vascular structure in the 
human fetus. It normally connects the main pulmonary artery 
(MPA) to the descending aorta, allowing most of the blood from 
the right ventricle (RV) to bypass the fetus’s fluid-filled lungs and 
high-resistance pulmonary vascular bed. In a left aortic arch, the 
DA inserts into the proximal descending aorta at the junction 
with the aortic isthmus, distal to the origin of the left subclavian 
artery. In a right aortic arch, there are three types of DA insertion 
from the MPA to the aorta: (1) directly into the right descending 
aorta (right DA); (2) directly into the proximal left subclavian 
artery (left DA); or (3) both (bilateral DA). Normally, the DA 
closes during the first hours to days of life. Persistence of ductal 
blood flow is termed patent ductus arteriosus (PDA). 

Incidence 

The incidence of persistent PDA without additional cardiac 
anomalies varies greatly depending on the postnatal age of the 
patients and their degree of prematurity. The overall incidence 
of PDA is inversely related to increasing gestational age and birth 
weight [1]. PDA is common in preterm infants and is considered 
a functional abnormality as opposed to a structural congenital 
cardiac anomaly. In full-term infants, the DA may remain patent 
for several days after birth. Doppler echocardiogram studies in 
healthy newborn infants have demonstrated closure of the DA 
in nearly all subjects by 4-7 days after birth [2,3]. Based on a 
review of 40 published articles over several decades, it has been 
estimated that the median incidence of PDA in term infants is 
56.7 per 100,000 live births [4]. 

Etiology 

The etiology of isolated PDA in full-term infants older than one 
week of age is not well understood. PDA can be a result of envi¬ 
ronmental exposure before birth, isolated genetic mutations, or 


genetic syndromes. Congenital rubella is associated with a high 
incidence of PDA [5-7]. Patients at high altitude are at increased 
risk for PDA, likely due to chronic hypobaric hypoxia, as oxy¬ 
gen saturation and arterial oxygen pressure are lower [8]. Recent 
investigations have identified the genes that affect the develop¬ 
ment of the fourth and sixth pharyngeal arches, and noted their 
association with cardiovascular defects similar to those observed 
in chromosome 22ql 1 deletions [9]. Char syndrome is a familial 
form of PDA with characteristic facial dysmorphisms and hand 
anomalies [10]. 

Morphology 

Embryologic considerations 

The normal anatomy and congenital malformations of the DA 
and branch pulmonary arteries (PAs) are determined by the 
development of the embryonic sixth aortic arches (see Chapter 
31). The human embryo has two dorsal aortas, which commu¬ 
nicate with the aortic sac via several branchial arch arteries. 
During normal development, there is systematic appearance and 
regression of the six pairs of primitive aortic arches. Both the 
ductus arteriosus and the branch PAs are derived from the fourth 
and sixth arches. The left fourth arch becomes the distal left 
aortic arch (between the left common carotid and left subclavian 
artery). The right fourth arch persists as the innominate artery 
and proximal right subclavian artery. The left dorsal aorta per¬ 
sists as the segment that extends from the left subclavian artery 
to the aortic isthmus, or site of entrance of the ductus arteriosus. 
The right dorsal aorta involutes. The proximal portions of the 
right and left sixth arches form the proximal portions of the right 
and left PAs, respectively. The distal left sixth arch forms the 
ductus arteriosus and the distal right sixth arch regresses [11]. 

Pathophysiology 

The pathophysiology of PDA depends on several factors, includ¬ 
ing patient age, associated congenital heart disease, and hemo¬ 
dynamic and anatomic factors. In preterm infants, presence of 
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a PDA is common and associated with increase morbidity. It is 
considered a functional abnormality in this population. In full- 
term infants and children, PDA likely results from a significant 
structural abnormality. The flow pattern and hemodynamic 
consequences of an isolated PDA depend on resistance to flow 
through the duct, as well as the pulmonary and systemic vascu¬ 
lar resistances. The PDA resistance is determined by the smallest 
cross-sectional area, length, and its configuration. In the setting 
of normal pulmonary vascular resistance (PVR), an isolated 
PDA demonstrates left-to-right flow, resulting in increased 
pulmonary blood flow and left heart volume overload. The left 
atrium and ventricle will dilate and mitral regurgitation may 
develop. Left ventricular systolic function is usually preserved. A 
large PDA with significant left-to-right flow leads to pulmonary 
over circulation, respiratory distress, poor growth, and eventu¬ 
ally pulmonary vascular disease [5]. The diastolic blood pressure 
in the aorta decreases owing to diastolic “runoff” through the 
PDA, potentially resulting in decreased coronary perfusion 
pressure. This feature, coupled with increased intramyocardial 
tension from left ventricular dilation and increased oxygen 
demand, may result in subendocardial ischemia [12]. Con¬ 
versely, a small PDA is usually not associated with significant 
hemodynamic effects. PDA carries an increased risk of infective 
endocarditis, which is estimated at ~1% per year [5]. 

In patients with elevated PVR, ductal flow is either bidirec¬ 
tional (right-to-left during systole) or exclusively right-to-left. 
In patients who have associated right heart obstructive lesions, 
a PDA provides a source of pulmonary blood flow. Conversely, 
in patients with obstructive left heart lesions, a PDA provides 
a source of systemic perfusion through the right heart. Con¬ 
genital heart disease in which either the pulmonary or systemic 


circulation is dependent on blood flow via the PDA for survival 
is termed a “ductal-dependent lesion.” 

PDA with left aortic arch 

In this abnormality, the PDA represents a persistent vascular 
connection between the aortic isthmus and the superior aspect 
of the proximal left pulmonary artery (LPA) (Figures 18.1 and 
18.2). In the absence of right ventricular outflow obstruction, 
the course of the PDA is similar to that of the aortic arch. How¬ 
ever, the ductal arch can be easily distinguished from the aortic 
arch with the following features: (i) the ductal arch is inferior 
to the aortic arch; (ii) the ductal arch does not give rise to head 
vessels; (iii) in postnatal life with normal PVR, the ductal flow 
is directed from the aorta to the MPA, while the aortic flow is in 
the reverse direction. 


PDA with a right aortic arch 

Right aortic arch occurs in approximately 0.1% of the popula¬ 
tion and is more common among patients with tetralogy of Fal¬ 
lot, truncus arteriosus, and tricuspid atresia. It is also associated 
with chromosome 22qll deletion [13-16]. In individuals with 
normal intracardiac anatomy, a right aortic arch is often associ¬ 
ated with aberrant origin of the left subclavian artery from the 
right descending aorta with a retro-esophageal course [15]. The 
most common form of the right aortic arch is with mirror image 
branching of the head vessels and a left-sided DA [17]. Recog¬ 
nizing the location of the DA in a right aortic arch is especially 
important, as it may result in a vascular ring (see Chapter 31) 
[18]. 



Figure 18.1 Parasternal short-axis image of a 
small patent ductus arteriosus (arrow) that is 
conical in shape and funnels at the pulmonary 
end. Ao, aorta; Dao, descending aorta; LPA, 
left pulmonary artery; RPA, right pulmonary 
artery 
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Figure 18.2 Parasternal short-axis color 
Doppler image of a small patent ductus 
arteriosus (arrow). Dao, descending aorta; 
LPA, left pulmonary artery; RPA, right 
pulmonary artery 



Reverse-oriented PDA 

In normal fetal development, blood flow is directed from the 
MPA to the descending aorta through the DA. The right-to-left 
flow directionality results in a configuration of the ductal arch 
with its concave portion facing downward. In circumstances 
when there is decreased or no flow across the right ventricular 
outflow tract in fetal life, blood flow is reversed in the DA and is 
directed from the descending aorta to the MPA. When the flow 
in the DA originates from the aorta, the DA is long and tortu¬ 
ous, and the abnormal left-to-right flow directionality results in 
a configuration of the ductal arch with its concave portion fac¬ 
ing upward. This ductal course is often referred to as a “reverse- 
oriented” or “vertical” DA. Reverse-oriented DA is commonly 
seen in critical right heart obstruction including tricuspid atre¬ 
sia, pulmonary atresia/intact ventricular septum, and tetralogy 
of Fallot with severe pulmonary stenosis or atresia [19]. 

Bilateral ductus arteriosi 

Bilateral DA may be present in the setting of right aortic arch as 
described earlier, often with an aberrant left subclavian. Rarely, 
bilateral DA occurs as an isolated anomaly. Bilateral DA is also 
associated with congenital heart defects. In one study over two 
decades, 55% of bilateral DA had their origin from bilateral non¬ 
confluent branch PAs to the aorta. This anomaly is likely a result 
of interruption in the development of the proximal sixth aortic 
arches (branch PAs), with persistence of both distal sixth aor¬ 
tic arches (bilateral ductus) and continuity with the proximal 
arches. Bilateral DA has also been associated with interruption of 
the aortic arch with isolation of the subclavian artery and inter¬ 
ruption of the aortic arch in which bilateral DA supports the 
entire systemic circulation [20]. 


Ductal aneurysm 

Ductal aneurysm is a rare congenital anomaly defined as marked 
dilation of the DA. The reported incidence varies from 0.8% at 
neonatal autopsy [21] to 1.5% in a prenatal series [22]. A study 
in term neonates demonstrated an incidence of 8.8% [23,24]. 
There is a strong association with chromosomal abnormalities 
or syndromes (25%) as well as with connective tissue disor¬ 
ders (13%) [22]. An increased incidence of ductal aneurysm has 
also been noted in infants of diabetic mothers [23]. The vari¬ 
ability in reported incidence may be explained by the inconsis¬ 
tent diagnostic criteria and variable age at examination of ductal 
aneurysms [25,26]. 

The clinical course for ductal aneurysm is usually benign 
with closure in approximately 70% by 3 days of age [23]. Symp¬ 
toms are uncommon and likely occur due to compression of 
adjacent structures, thrombus formation and extension, or 
erosion into the airways. Surgical resection is indicated for 
aneurysms persisting beyond the neonatal period or for those 
that develop complications [27]. 

Imaging 

In infancy, one of the most common indications for an echocar¬ 
diogram is to screen for PDA. Echocardiography is necessary for 
early diagnosis of a PDA, especially in the preterm infant, due to 
the management implications of this finding [28,29]. 

Goals of the examination 

The objectives of echocardiography in the setting of PDA 
include: 

• Demonstrate the position, size, and course of the PDA with 
two-dimensional (2D) and color Doppler (Figures 18.1 and 
18.2). 
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Figure 18.3 Continuous-wave spectral Doppler 
interrogation of a small restrictive patent ductus 
arteriosus with a peak velocity of 5 m/sec in 
systole. 


• Measure the narrowest diameter of the PDA on 2D and color 
Doppler. 

• Determine the direction of ductal flow by color and spectral 
Doppler (Figures 18.2 and 18.3). 

• Measure the peak systolic velocity of flow though the PDA. 
This can be utilized as an estimate of PA pressure (record con¬ 
temporaneous systemic blood pressure). 

• Demonstrate arch sidedness and head vessel branching. 

• Assess for potential aortic coarctation. Include transverse 
arch, isthmus, and descending aorta measurements. Also 
assess the origin of the left subclavian artery. 

• Evaluate the flow profile in the abdominal aorta with color and 
spectral Doppler for diastolic flow reversal. 

• Evaluate branch PAs. Assess for stenosis, especially of the LPA. 

• Evaluate left atrial size and left ventricular size and function. 

• Demonstrate any associated lesions. 

Doppler examination 

The most accurate Doppler signal of the PDA flow is often 
obtained from the high left parasternal window, because this is 
the view where the transducer is nearest to the PDA. The direc¬ 
tion and timing of ductal flow are valuable tools for assessing 
PA pressure. Three ductal Doppler flow patterns are possible, 
depending on PA pressure and associated heart lesions: 

1 A dominant left-to-right shunt is present in isolated PDA 
without significant LV outflow tract obstruction or pul¬ 
monary hypertension (PVR < systemic vascular resistance) 
(Figure 18.2; Videos 18.1 and 18.2). Continuous left-to-right 
flow with a late systolic peak velocity is the characteristic 
Doppler pattern (Figures 18.3 and 18.4). 

2 A bidirectional shunt involves right-to-left flow in systole and 
left-to-right flow in diastole (Figure 18.5; Video 18.3). Systolic 


right-to-left flow via a PDA always corresponds to the pres¬ 
ence of significant LV outflow tract obstruction, arch obstruc¬ 
tion, or significant pulmonary hypertension. 

3 A dominant right-to-left shunt is present in the setting of 
significant LV outflow tract obstruction (ductal-dependent 
lesion) or severe pulmonary hypertension (PVR > systemic 
vascular resistance). Continuous or near continuous right-to- 
left flow with early systolic peak velocity is the characteristic 
Doppler pattern (Figure 18.6). 

Assessment of the clinically significant left-to-right PDA shunt 
Once a PDA has been identified, it is important to determine 
whether the shunt is clinically significant. As the PVR falls after 
birth, left-to-right shunting via the PDA increases, resulting in 
increased pulmonary venous return. This eventually leads to left 
atrial and left ventricular enlargement. In the preterm infant, the 
following echocardiographic criteria may aid in recognizing a 
clinically significant left-to-right PDA [30]: 

• Smallest PDA diameter >1.4 mm/kg 

• Left ventricular dilation 

• Holodiastolic flow reversal in the descending aorta 

• Increase pulmonary blood flow resulting in increased ante¬ 
grade diastolic flow in the branch PAs, with mean flow velocity 
>0.5 m/s 

• Increase velocity of flow in pulmonary veins (with normal 
phasic pattern on Doppler). 

Considerations for the right-to-left PDA shunt 
A PDA with right-to-left flow can be difficult to identify because 
the flow profile through the duct appears similar to the flow in 
the descending aorta or LPA. Anatomic assessment by 2D imag¬ 
ing accompanied by color Doppler is most important in these 
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Figure 18.4 Continuous-wave spectral Doppler 
interrogation of a moderate-size patent ductus 
arteriosus with left-to-right shunting and peak 
velocity of 2.5 m/sec in systole. 



cases. Detection of a right-to-left PDA can be supported by the 
presence of severe pulmonary hypertension (see Chapter 45) 
and arterial oxygen saturation differential between the upper 
and lower extremities (upper extremities > lower extremities). 
If there is restriction to a right-to-left ductus, the Doppler flow 
profile resembles that of coarctation of the aorta. A restrictive 
right-to-left PDA can be differentiated from coarctation by: 
(i) imaging an unobstructed aortic arch and isthmus; (ii) clear 
imaging of flow originating in the MPA and coursing to the 
descending aorta via a PDA; (iii) evidence of severe pulmonary 
hypertension (see Chapter 45); and (iv) clinical correlation 
(normal lower extremity pulses and absence of blood pressure 
gradient from upper to lower extremities). 


Infants with profound pulmonary vascular disease may rarely 
develop systolic and diastolic flow reversal in the aortic arch. 
This is due to low cardiac output secondary to low pulmonary 
blood flow. In this situation, flow from the RV aids systemic per¬ 
fusion via the PDA and is an indication of decreased left ventric¬ 
ular outflow and worsening clinical status [31,32]. 

PDA with left aortic arch 

In most infants with a PDA, ductal flow can be visualized 
by color Doppler from the subcostal, apical, parasternal, and 
suprasternal notch views. Transthoracic imaging in older chil¬ 
dren may be difficult due to poor acoustic windows (see “Imag¬ 
ing in the adult” later). High left parasternal and suprasternal 


Figure 18.5 Color and pulsed-wave spectral 
Doppler image from suprasternal notch of a 
large patent ductus arteriosus with bidirectional 
shunting; left-to-right in diastole (color image) 
and right-to-left in systole. 
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notch views are the best windows for evaluation of a PDA in 
older children. 

Parasternal views 

In the parasternal long-axis view, ductal flow can be demon¬ 
strated with the transducer angled leftward and superiorly 
toward the distal portion of the RV outflow tract and MPA. 
This acoustic window is only useful if the extension of the jet 
from the PDA to the MPA is relatively long. In the parasternal 
short-axis view, the PDA is visualized by 2D along the left 
lateral border of the MPA, usually leftward of the LPA. Cranial 
tilt of the transducer demonstrates the PDA. In the setting 
of a typical left-to-right PDA, flow is directed toward the 
transducer. Movement of the transducer superiorly to the 
high left parasternal window and clockwise rotation allows for 
visualization of the pulmonary artery (PA) bifurcation. From 
this view, counterclockwise rotation of the transducer toward 
12 o’clock demonstrates the entire length of the PDA with its 
connection from the underside of the descending aorta to the 
LPA. This view is often called the “ductal view.” 

It is not uncommon to see a color Doppler flow pattern in 
normal individuals that can be confused for PDA flow. In the 
parasternal short-axis view, a flow signal directed toward the 
transducer can sometimes be seen along the medial aspect of the 
MPA in early systole. This flow pattern most likely represents 
helical flow within the MPA, a consequence of flow in a curved 
tube [30]. The medial location and systolic timing of the flow 
distinguish this flow profile from typical left-to-right ductal 
flow. 

Suprasternal window 

With the aortic arch in view, a slight leftward tilt of the trans¬ 
ducer demonstrates the LPA. A slight clockwise rotation of the 


Figure 18.6 Doppler color compare image from 
suprasternal notch of a large patent ductus with 
right-to-left shunting. LPA, left pulmonary 
artery; PDA, patent ductus arteriosus; RPA, 
right pulmonary artery. 

transducer will reveal the LPA and the descending aorta in the 
same plane. Once both of these vessels are imaged simultane¬ 
ously, the PDA, if present, will be visualized in this plane. 

PDA with right aortic arch 

Evaluation of a PDA associated with a right aortic arch begins 
with determination of arch sidedness. The suprasternal coronal 
view is the best acoustic window for assessing arch sidedness 
and brachiocephalic vessel branching order. With the transducer 
rotated toward 3 o’clock (coronal plane), sweeps should progress 
from anterior-inferior to superior-posterior. The transducer is 
initially angled to visualize the ascending aorta in cross-section. 
Angling the transducer superiorly, the ascending aorta can be 
followed to the level of the transverse arch, and the innominate 
vein is visualized anterior to the distal ascending aorta. Just pos¬ 
terior to the innominate vein, the first brachiocephalic artery 
branches from the aortic arch. The direction of the first branch, 
the innominate artery, is opposite to the arch side. 

Once the side of the first brachiocephalic artery is determined, 
the next step is to determine whether this artery bifurcates. This 
is evaluated by following the vessel as it courses towards the 
neck. If it does not bifurcate, this branch is most likely the ipsi- 
lateral carotid artery, which can be confirmed by following it 
to the neck. In such circumstance, an aberrant origin of the 
subclavian artery from the proximal descending aorta is sus¬ 
pected. The aberrant subclavian artery is often visualized with 
the use of color Doppler inferior and separate from the carotid 
artery. Alternatively, the origin of the aberrant subclavian artery 
from the proximal descending aorta can be visualized from the 
suprasternal coronal view. The descending aorta is evaluated by 
2D and color Doppler for an artery that courses medially and 
superiorly in the posterior mediastinum. In young patients the 
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Figure 18.7 Parasternal short-axis image of a 
large ductal aneurysm. AoV, aortic valve; DA, 
ductal aneurysm; LA, left atrium; LPA, left 
pulmonary artery 



proximal descending aorta can be evaluated for an aberrant sub¬ 
clavian artery from the subcostal windows. 

Assessment of PDA course 

The PDA in a right aortic arch can originate from the proximal 
descending aorta and/or the base of the left subclavian artery. 
Both of these sites must be interrogated with 2D, color and spec¬ 
tral Doppler for potential arterial flow heading toward the PA, 
consistent with a PDA. The PDA is visualized in its entirety, to 
determine its course. This can be achieved from a high paraster¬ 
nal view or suprasternal view. A right-sided PDA courses from 
the proximal descending aorta to the origin of the right pul¬ 
monary artery (RPA). A left-sided PDA courses from the left 
subclavian artery to the origin of the LPA. Demonstration of a 
right aortic arch, aberrant left subclavian artery, and a left-sided 
PDA confirms the diagnosis of a vascular ring (see Chapter 31). 

Reverse-oriented PDA 

A reverse-oriented PDA arises from the underside of the aortic 
isthmus, and its tortuous course is best seen during visualization 
of the aortic arch in the suprasternal long-axis view (Videos 18.4 
and 18.5). Following the length of the PDA with color Doppler 
interrogation demonstrates its entire course. Often it is difficult 
to visualize the entire length of the PDA in a single plane due 
to its tortuosity. If a reverse-oriented PDA is identified, detailed 
assessment of the RV outflow tract and PAs is imperative to 
exclude stenosis or atresia of these segments. In particular, the 
PA segment at or just distal to the duct insertion site should be 
imaged in detail for discrete stenosis or luminal discontinuity. 

Bilateral PDA 

Imaging of bilateral DA requires a high index of suspicion and 
familiarity with the anatomic possibilities. Accurate diagnosis 


requires interrogation of the aortic isthmus and ipsilateral 
branch PA as well as the base of the innominate artery or prox¬ 
imal subclavian artery on the opposite side. The possibility of 
bilateral PDA should be investigated in the setting of a right aor¬ 
tic arch with aberrant origin of the left subclavian artery, in con¬ 
genitally absent mediastinal branch PA, discontinuous branch 
PAs associated with other congenital heart disease such as tetral¬ 
ogy of Fallot, interrupted aortic arch type B, isolation of a sub¬ 
clavian artery, and other. Echocardiographic evaluation, espe¬ 
cially with color Doppler, of all possible sites of ductal insertion 
is required to exclude the presence of bilateral PDA (Video 18.6). 

Ductal aneurysm 
Parasternal view 

When imaging from the high left parasternal transverse (short- 
axis) view, ductal aneurysm is suspected when unusual flow is 
noted from the PDA to the MPA. A large vessel is visualized 
leftward and superior to the LPA with the restricted portion of 
the duct at its insertion into the MPA. Thus, three large vessels 
are seen from medial to left lateral position: the ascending aorta, 
MPA, and ductal aneurysm (Figures 18.7 and 18.8; Videos 18.7 
and 18.8). 

Suprasternal view 

A characteristic image of ductal aneurysm is visualized from a 
suprasternal short-axis view. Angling the transducer posteriorly 
to image the descending aorta, the “rabbit-ear sign” is seen. The 
right-sided ear is the transverse aortic arch and the descending 
aorta and the left-sided ear comprises the ductal aneurysm. Duc¬ 
tal aneurysm generally demonstrates saccular dilation with a 
maximal internal diameter larger than that of the adjacent trans¬ 
verse arch or descending aorta [23]. Images that mimic ductal 
aneurysm include mirror image aliasing of the PA, normal soft 
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tissue shadow of the superior portion of the PDA, left superior 
vena cava, dilated left atrial appendage, and a vertical duct. 

Prenatal assessment 

A PDA is a normal structure in the fetus (see detailed discussion 
in Chapter 44). 

Imaging in the adult 

PDA is uncommon in adults; however, when present it is asso¬ 
ciated with several complications including calcification, endo¬ 
carditis, aneurysm formation, dissection, rupture, left heart vol¬ 
ume overload, and pulmonary vascular disease. Transthoracic 
echocardiographic imaging of PDA in adults is challenging 
due to restricted acoustic windows. Imaging is best performed 
from the suprasternal view, using techniques similar to those 
described in pediatric patients. Cardiac computed tomography 
and magnetic resonance imaging (MRI) provide noninvasive 
evaluation of the PDA when echocardiographic evaluation is 
inconclusive. Cardiac MRI is preferred due to its ability to not 
only visualize the PDA, but also to assess its hemodynamic 
effects, including biventricular size and function and estimation 
of pulmonary-to-systemic flow ratio. 

Echocardiographic assessment during and after PDA 
closure 

Preterm infants 

In preterm infants PDA closure can be induced by pharmaco¬ 
logic means. However, even after documentation of cessation of 
ductal flow, recurrence can occur. When medical therapy fails, 
surgical ligation and division via lateral thoracotomy is usually 


Figure 18.8 Parasternal short-axis 
three-dimensional image of a large ductal 
aneurysm. DA, ductal aneurysm; LPA, left 
pulmonary artery. 

performed if the PDA is hemodynamically significant. Echocar¬ 
diography is performed to assess the status of the ductal flow 
before and after treatment. 

Older children and adults 

In older patients, closure of the PDA can be performed via surgi¬ 
cal ligation and division or by minimally invasive thoracoscopic 
clipping. In recent years, transcatheter occlusion has become 
the treatment of choice when feasible [5]. Transcatheter closure 
is achieved by endoluminal placement of a coil or occluding 
device into the PDA. After surgical or transcatheter PDA occlu¬ 
sion, echocardiography is utilized to assess for residual ductal 
shunt and/or inadvertent impingement of the LPA or descending 
aorta. In patients after transcatheter PDA closure, echocardiog¬ 
raphy is also useful in identifying device position and inadver¬ 
tent migration (Figures 18.9 and 18.10; Videos 18.9 and 18.10) 
[33]. 

Echocardiographic assessment during and after PDA 
stenting 

Stenting of the PDA in duct-dependent cyanotic congenital 
cardiac anomalies has become a nonsurgical alternative to con¬ 
ventional systemic-to-PA shunt surgery. In cases where ductal 
stenting is considered, echocardiographic evaluation of PDA 
origin from the aorta, site of insertion into the PA and its course 
(long and tortuous versus short and straight) is imperative. 
Accurate description of the PDA aids in determination of the 
feasibility of successful stent placement. Echocardiographic 
imaging following stent placement initially assesses for inad¬ 
vertent occlusion of the PA or descending aorta by the stent 
(Figure 18.11; Video 18.11). These patients are followed closely 
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Figure 18.9 Parasternal short-axis image of a 
ductal occluder device (double arrow) causing 
near complete occlusion of the proximal left 
pulmonary artery (*). MPA, main pulmonary 
artery 



with echocardiography to exclude stent occlusion by thrombus 
formation or neointimal proliferation [34-36]. 

Abnormalities of the pulmonary arteries 
Definition 

In normal anatomy, the MPA emanates from the right ven¬ 
tricle supported by an infundibulum and travels to the left of 
the ascending aorta in the direction of the left shoulder. As it 
bifurcates, the LPA continues as a smooth arch and courses 


over the left bronchus. The RPA arises at an acute angle and 
courses posterior to the ascending aorta and superior vena cava. 
Congenital anomalies of the PAs include branch PA stenosis, 
hypoplasia, discontinuity, absence, and abnormal origin (e.g., 
from the ascending aorta). 

Morphology 

Embryologic considerations 

The MPA and its branches have their origins from three separate 
vascular components. The proximal portion of the pulmonary 


Figure 18.10 Parasternal short-axis color 
Doppler image of a ductal occluder device 
(double arrow) causing near complete occlusion 
of the proximal left pulmonary artery (single 
arrow) with minimal color flow around device. 
MPA, main pulmonary artery 
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Figure 18.11 Doppler color compare image 
from suprasternal notch of a ductal stent 
placed as part of a hybrid procedure for 
hypoplastic left heart. Ductal stent (*) allows 
for unobstructed flow into native aortic arch 
(arrow). 


trunk develops from the cranial end of the bulbus cordis (conus 
cordis) and the distal portion of the pulmonary trunk is derived 
from division of the truncus arteriosus into the MPA and 
ascending aorta. The proximal portions of the right and left PAs 
are formed from the proximal portions of the right and left sixth 
arches. The distal portions of the pulmonary artery branches 
arise from the postbranchial pulmonary vascular plexus [11]. 

Congenital branch pulmonary artery stenosis 

Incidence and etiology 

Congenital stenosis of the pulmonary arteries, isolated or in 
association with other cardiac defects or genetic syndromes 
occurs in 2-3% of all patients with congenital heart disease [4]. 
The pathogenesis of branch PA stenosis is not completely under¬ 
stood. It appears that multiple factors and many types of patho¬ 
logic changes may produce narrowing of the branch PAs. When 
intracardiac anomalies are associated, the pathogenesis is likely 
developmental in origin. Certain teratogenic agents may inter¬ 
fere with the development of any of the components of the PA 
tree and may lead to stenosis, hypoplasia, or atresia. Specific 
genetic abnormalities associated with PA branch stenosis have 
also been identified [37]. 

Pathophysiology 

The physiology associated with branch PA stenosis depends 
on the severity and distribution of the stenoses, and may result 
in elevated RV and PA (proximal to stenosis) systolic pressure. 
In most cases, the obstruction is central. Bilateral branch PA 
stenosis results in right ventricular pressure overload and 
hypertrophy. 


Physiologic branch pulmonary artery stenosis 
Branch pulmonary stenosis may be mild and transient in the 
neonate. Physiologic branch PA stenosis in infants is a com¬ 
mon cause of functional murmur and sometimes results in refer¬ 
ral for echocardiographic evaluation. It is characterized by a 
mild increase in branch PA flow velocity, less than 2 m/s, in the 
absence of discrete anatomic narrowing or hypoplasia. The PA 
stenosis in these cases usually resolves within several months as 
the PAs remodel [38]. The flow velocity may also be increased 
in the presence of high cardiac output states and atrial level 
shunts. 

Isolated branch pulmonary artery stenosis 
Isolated branch PA stenosis is characterized by diffuse arte¬ 
rial involvement generally affecting the main and lobar arter¬ 
ies. When severe, it produces symptoms of RV failure [35,36]. 
Isolated branch PA stenosis is often associated with a congen¬ 
ital syndrome, the most common being Alagille (often a JAG1 
mutation) and Williams-Beuren (caused by a microdeletion 
at chromosome 7qll.23) syndromes [39-42]. In Alagille syn¬ 
drome, branch PA stenosis is found in 76% of patients, 10% 
have tetralogy of Fallot [42]. Approximately 50% of patients with 
Williams-Beuren syndrome have peripheral pulmonic steno¬ 
sis, which can be progressive [43]. Isolated branch PA steno¬ 
sis has also been associated with Noonan syndrome, cutis laxa, 
Ehlers-Danlos, Silver-Russell syndrome, and congenital rubella 
[6,7,44,45]. Although rare, familial and nonfamilial cases of iso¬ 
lated branch PA stenosis with no underlying syndrome have also 
been described [46]. 
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Branch pulmonary artery stenosis associated with 
congenital heart disease 

Branch PA stenosis associated with congenital heart disease, 
especially conotruncal anomalies, is discussed in the respective 
chapters. 

Unilateral branch pulmonary artery stenosis 

An important cause of unilateral branch PA stenosis, termed PA 
coarctation, is likely caused by PDA tissue encircling the origin 
of the branch PA. The stenosis is discrete, and often the proxi¬ 
mal portion of the affected PA is distorted. This abnormality is 
present in 67% and 10% of patients with pulmonary atresia and 
pulmonary stenosis, respectively [47]. Early identification of this 
anomaly is imperative, as early correction greatly impacts future 
PA growth [48]. When the stenosis is unilateral, RV pressure 
remains normal, because the normal contralateral branch PA 
can accommodate the cardiac output without pressure increase. 
Flow to the stenotic side is reduced and the systolic pressure dif¬ 
ference tends to underestimate the severity of the obstruction. 

Discontinuous branch pulmonary arteries 

Congenitally discontinuous branch PAs may be due to regres¬ 
sion of the proximal sixth arch segment as part of a conotrun¬ 
cal anomaly [20]. The incidence of chromosome 22qll dele¬ 
tion is increased in these patients (45%), as compared to patients 
with normal left aortic arch with normal branching (3%) [49,50]. 
Discontinuous branch PAs with bilateral ductus arteriosus are 
present in up to 16% of patients [51-53]. 

Anatomic variants of discontinuous PAs include: (i) both 
branch PAs discontinuous with each other and with the RV out¬ 
flow tract - each PA is supplied by either a PDA or an aortopul¬ 
monary collateral vessel; (ii) branch PAs discontinuous with 
each other - one PA is continuous with the RV outflow tract 
and the other PA is supplied by either a PDA or a collateral ves¬ 
sel [54]. Early diagnosis is important as growth of the affected 
branch PA is most successful with early surgical recruitment and 
establishment of antegrade flow [49,55]. 

Congenital absence of a branch pulmonary artery 

Congenital absence of a branch PA is a rare anomaly most fre¬ 
quently associated with other congenital heart disease, especially 
tetralogy of Fallot. Other cardiac anomalies that have been asso¬ 
ciated with absent branch PA include coarctation of the aorta, 
subvalvar aortic stenosis, transposition of the great arteries, and 
Taussig-Bing malformation. A few cases of isolated congenital 
absence of a branch PA have also been reported [56]. The absent 
mediastinal PA is usually contralateral to the side of the aor¬ 
tic arch. In fetal life and in neonates, the distal branches of the 
absent PA are supplied by a PDA or aortopulmonary collateral. 
The PDA usually arises from the base of the subclavian artery 
contralateral to the side of the aortic arch and terminates on 
the side of the absent PA at or near the hilum of the affected 
lung. Upon closure of the PDA, a dimple is seen at the base of 
the subclavian artery [57]. Although some patients with isolated 


congenital absence of a branch PA are completely asymptomatic, 
others may have severe pulmonary hypertension and congestive 
heart failure [58]. 

Origin of branch pulmonary artery from the 
ascending aorta 

Origin of a branch PA from the ascending aorta is a rare con¬ 
genital cardiac abnormality. The developmental etiology of this 
anomaly is not well understood, but several theories exist. One 
consideration is incomplete migration of the affected branch PA 
towards the contralateral PA. Alternatively the defect may result 
from failure of fusion of one of the sixth arches with the MPA 
[59]. Ascending aortic origin of a branch PA is often associated 
with other cardiac anomalies, including tetralogy of Fallot, pul¬ 
monary atresia and interrupted aortic arch [59-61]. It has also 
been associated with chromosome 22ql 1 microdeletion [61,62]. 

Typically, the anomalous branch pulmonary artery arises 
from the posterolateral wall of the ascending aorta above the 
aortic sinus. Alternatively, the PA can originate distally from 
the ascending aorta near the origin of the innominate artery 
[61,63,64]. Origin of the RPA from the ascending aorta occurs 
more commonly than origin of the FPA. Anomalous origin of 
the RPA is invariably associated with a left aortic arch, and usu¬ 
ally a left-sided PDA. Anomalous origin of the FPA from the 
ascending aorta is rare and is usually associated with a right aor¬ 
tic arch [59] and right-sided PDA. In the setting of tetralogy of 
Fallot, the anomalous branch PA is often larger than branch PA 
that arises normally from the MPA [60]. 

Physiologically, the lesion may result in abnormal pulmonary 
vasculature in the associated lung [60]. Stenosis of the affected 
branch PA is unusual. Coronary ischemia is a reported adverse 
outcome, likely related to steal phenomenon or low aortic dias¬ 
tolic pressure [61]. Irrespective of the mechanism, early diagno¬ 
sis and surgical repair is important to prevent the development 
of irreversible pulmonary vascular disease [60,65]. 

In the past, origin of a branch PA from the ascending aorta 
was referred to as a “hemitruncus.” This anomaly is distinct 
from truncus arteriosus embryologically and morphologically, 
as it occurs in the setting of normal separation of the aortic 
and pulmonary valves. Aortic origin of a branch PA should be 
distinguished from other cardiac defects associated with abnor¬ 
mal aortopulmonary flow such as PDA, major aortopulmonary 
collaterals, truncus arteriosus, or discontinuous branch PA with 
ductal connection to the aorta. 

Crossed pulmonary arteries 

Normally, the RPA originates from the MPA lower than the 
FPA. In crossed PAs, the FPA ostium lies rightward and supe¬ 
rior to the RPA ostium. As a result, the branch PAs must cross 
each other proximally as they course to their respective lungs 
[66,67]. Despite the anomalous course of the crossed PAs, a 
PDA usually arises from its normal position, at the base of the 
FPA. A variation of this entity, PA malposition, occurs when the 
ostium of the FPA is located directly superior to the RPA without 
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crossing of the proximal branch PAs. Crossed PAs may be con¬ 
fused with a left PA sling, but can be distinguished by the pos¬ 
terior course of the LPA to the left of the trachea in crossed PAs 
[68]. In one study, approximately 50% of patients with either 
crossed or malposed PAs had deletion of chromosome 22qll 
[67]. When crossed PAs are associated with truncus arteriosus, 
there also tends to be an interruption of the aortic arch [69]. 

Imaging 

All patients referred for an echocardiogram due to sus¬ 
pected congenital heart disease or associated syndromes should 
undergo careful evaluation of the main and branch pulmonary 
arteries. Early identification of congenital abnormalities of the 
PAs results in early surgical and/or transcatheter intervention 
and increased potential for PA growth and improved right 
heart hemodynamics [48,49]. Careful examination of the PAs 
is imperative after surgical repair involving manipulation of the 
MPA or branches, such as in the LeCompte maneuver for arterial 
switch operation. Swirling of color flow in the MPA is a normal 
variant that is characterized by systolic reversal of flow, usually 
in the rightward aspect of the MPA. 

Goals of imaging 

• Demonstrate the morphology (position and size) of the 
MPA and branch pulmonary arteries with 2D and color 
Doppler from multiple views (parasternal long- and short- 
axis, suprasternal long- and short-axis). 


• Measure the MPA prior to its bifurcation at the largest internal 
diameter and the branch PAs just beyond their bifurcation on 
2D and color Doppler. 

• Evaluate for stenosis or long-segment hypoplasia by 2D and 
measure at the narrowest diameter. 

• Assess the direction of flow (i.e., forward versus reversal) by 
color and spectral Doppler, especially when distal stenosis is 
suspected. 

• Measure the peak systolic flow velocity in the main and branch 
PAs. Both pulsed- (PW) and continuous-wave (CW) Doppler 
should be utilized. 

Branch pulmonary artery stenosis 

Branch PA stenosis can be subtle, and both 2D and color Doppler 
assessment are necessary to adequately assess for narrowing. 
Careful attention to the Doppler color scale is important to not 
over- or underestimate the degree of branch stenosis. The branch 
PAs are imaged from the parasternal and suprasternal windows 
(Figure 18.12; Video 18.12). From the suprasternal window, with 
the transducer turned toward 3 o’clock, the greatest length of the 
LPA and RPA is visualized. Evaluation by 2D imaging includes 
determination of the extent of stenosis, measurement of the nar¬ 
rowest diameter, and assessment of poststenotic dilation. Note 
that measurements derived from color Doppler images often 
overestimate the PA diameter. 

When color Doppler is employed, any flow reversal should 
be noted, as this is suggestive of pulmonary regurgitation, distal 



Figure 18.12 Parasternal short-axis color compare and spectral Doppler images of mild bilateral pulmonary artery stenosis. Ao, aorta; LPA, left pulmonary 
artery; RPA, right pulmonary artery. 
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stenosis, increased stiffness, or elevated resistance. Discrete nar¬ 
rowing may be masked by the systolic color flow, but can be iden¬ 
tified in diastole when reversed flow is noted. If any pulmonary 
regurgitation is noted with reversal in the branch PAs, the diam¬ 
eter of reversed flow through the stenotic area will demonstrate 
more stenosis than the systolic forward color flow. 

In the setting of unilateral branch PA stenosis, flow may be 
diverted from the stenotic branch to the normal branch, which 
results in decreased flow to the stenotic branch. Doppler eval¬ 
uation of peak flow velocity can underestimate the degree of 
obstruction in these cases. Due to low flow rate across the 
stenotic artery, the spectral Doppler may demonstrate normal 
flow velocity (no gradient) across the affected artery. Due to 
increased flow across the normal contralateral branch PA, the 
spectral Doppler may demonstrate increased flow velocity in 
that vessel. Thus, Doppler evaluation of branch PA stenosis 
should be done in the context of flow rate in both PAs. 

Spectral Doppler-derived peak systolic and mean gradients 
are calculated. The peak systolic gradient by Doppler corre¬ 
lates well with the catheter-derived peak-to-peak pressure gra¬ 
dient and catheter-derived maximal instantaneous pressure gra¬ 
dient. Still, the Doppler-derived peak gradient tends to overesti¬ 
mate the peak-to-peak catheter gradient by as much as 25-40% 
[70,71]. Echocardiographic evaluation of the severity of branch 
PA stenosis relies on careful assessment of the PA anatomy by 
2D and estimation of RV pressure (tricuspid regurgitant gradi¬ 
ent, RV hypertrophy, and ventricular septal configuration). Lung 
perfusion scan and MRI are useful for quantifying differential 
pulmonary blood flow, and may aid in echocardiographic eval¬ 
uation of branch pulmonary stenosis. 

Discontinuous pulmonary arteries 

The diagnosis of discontinuous PAs should be considered during 
echocardiographic evaluation of all patients with conotruncal 
anomalies (especially in the setting of pulmonary atresia) and/or 
chromosome 22qll deletion. If a patient has bilateral ductus 
arteriosus with tetralogy of Fallot, the likelihood of discontin¬ 
uous PAs is high. 

The imaging technique for identifying discontinuous PAs is 
similar to that described for imaging the PDA and branch PA 
stenosis. The RV outflow, MPA, and bifurcation of each branch 
PA are assessed from multiple views. The high left parasternal 
and suprasternal views are often most useful in identifying dis¬ 
continuous PAs. From the high left parasternal view, continu¬ 
ation of the branch PAs from the MPA can appear falsely nor¬ 
mal because the LPA and RPA overlap each other in their course. 
Furthermore, the walls that separate the branch PAs may be dif¬ 
ficult to visualize, as they are parallel to the ultrasound beam. By 
moving the transducer slightly clockwise and rightward, toward 
the PA bifurcation, any walls separating the PAs into two vessels 
can be seen. If PA discontinuity is suspected, it is important to 
scan each site of possible ductal origin for evidence of a PDA 
as previously described. Again, the presence of bilateral PDA 
increases the likelihood of discontinuous branch PAs. In infants 
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Figure 18.13 Imaging of congenitally absent right pulmonary artery (RPA) 
from the high left parasternal view. Note the normally located main and left 
pulmonary arteries, absence of pulmonary artery bifurcation, and no right 
pulmonary artery coursing posterior to the ascending aorta. Ao, aorta. 

and young children, a small PDA supplying the distal aspect 
of the discontinuous branch PA may be seen by color Doppler. 
Subcostal sagittal imaging of the aortic arch and descending 
aorta is also useful to identify aortopulmonary collateral vessels. 
Coronal subcostal imaging may help to identify the pulmonary 
branches. 

Congenital absence of a branch pulmonary artery 

When one of the branch PAs is not visualized after careful 
evaluation from multiple acoustic windows, congenitally absent 
branch PA is suspected, especially in the setting of other con¬ 
genital heart disease (Figure 18.13). When congenital absence 
of a branch PA is an isolated finding without additional cardiac 
anomalies, the absent branch PA is usually contralateral to the 
side of the aortic arch [56]. In infants and young children, as pre¬ 
viously described in the evaluation of discontinuous branch PAs, 
a small PDA may be seen supplying the distal branches of the 
absent PA. Usually the PDA arises from the base of the subcla¬ 
vian artery contralateral to the side of the arch and terminates on 
the side of the absent PA at or near the hilum of the affected lung. 
All possible sites of ductal origin should be imaged, beginning 
with the subclavian artery on the side of the absent PA. In the 
presence of a ductus arteriosus, pulsed-wave Doppler demon¬ 
strates normal pulsatile flow in the normal branch PA, and con¬ 
tinuous flow in the branch PA arising from the PDA. 

Echocardiographic assessment should also include evaluation 
for RV hypertrophy, pulmonary hypertension, and presence of 
aortopulmonary collaterals to the affected lung. Further nonin- 
vasive imaging via cardiac computed tomography or magnetic 
resonance imaging will confirm the diagnosis and delineate the 
pulmonary artery anatomy and aortopulmonary collaterals if 
present. 
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Figure 18.14 Origin of the right pulmonary 
artery (PA) from the proximal ascending 
aorta. This patient has otherwise normal 
cardiac anatomy (a) Parasternal long-axis 
view demonstrating the origin of the right PA 
from the posterior aspect of the ascending 
aorta, (b) Suprasternal notch view of arch 
demonstrating the origin of the right PA from 
the posterior aspect of the aorta. AO, aorta. 


Aortic origin of a branch pulmonary artery 

Echocardiographic evaluation of aortic origin of a branch PA 
begins with identification of two separate outflow tracts and 
semilunar valves and absence of the usual MPA bifurcation. 
The unaffected branch pulmonary artery arises normally from 
the MPA; the affected branch PA originates from the ascend¬ 
ing aorta (Figure 18.14). The branch PAs are discontinuous and 
the arch sidedness and PDA are usually contralateral to the 
anomalous PA. The ascending aorta is imaged in multiple views, 
including subxiphoid long- and short-axis, apical 5-chamber, 
parasternal long- and short-axis, and suprasternal long-axis. The 
abnormally connected branch PA is often seen originating from 
the posterolateral aspect of the proximal ascending aorta. Less 
commonly, the anomalous PA arises from the distal portion of 
the ascending aorta, proximal to the origin of the innominate 
artery. Echocardiographic assessment for pulmonary hyperten¬ 
sion reveals systemic pulmonary pressure. 

Anomalous branch PA arising distally from the ascending 
aorta can be confused with congenitally absent branch PA with 
PDA supply to the intrapulmonary branches. As previously 
described, the PDA of an absent branch PA originates from the 
base of the subclavian artery ipsilateral to the absent PA. Anoma¬ 
lous aortic origin of the branch PA is from the ascending aorta 
proximal to the innominate artery. Aortopulmonary window 
should also be considered in the differential diagnosis during 
echocardiographic imaging. Aortopulmonary window has nor¬ 
mal PA bifurcation, and is best seen from a high left parasternal 
view. Anomalous aortic origin of a branch PA will not demon¬ 
strate normal PA bifurcation from any view. 

Crossed pulmonary arteries 

Crossed pulmonary arteries can be diagnosed by identification 
of the LPA originating superior to the RPA without overlapping 
of the branch PAs (Figure 18.15). The best window for visualiza¬ 
tion of the branching of both PAs is in the high left parasternal 
view. Normally the bifurcation is seen in the same plane, but in 
crossed pulmonary arteries, the branching of both PAs cannot 
be seen in one view. A sweep from inferior to superior reveals 


the abnormal branching of the LPA and RPA. Beginning inferi- 
orly, first the origin of the RPA from the left side of the MPA is 
seen. Sweeping superiorly, the RPA is no longer visualized, and 
the LPA is seen arising from the right side of MPA, coursing left¬ 
ward toward the left lung (Video 18.13). 

Postprocedural echocardiographic assessment of the 
pulmonary arteries 

Patients with branch pulmonary artery stenosis, congenital or 
acquired, may require surgical correction with pulmonary arte- 
rioplasty or transcatheter correction with balloon angioplasty 
or stenting [72,73]. Postprocedural assessment includes eval¬ 
uation of the site of repair or stent placement by 2D and 
Doppler for residual stenosis. When transcatheter stenting is 
utilized, it is important to assess for thrombus or neointimal 
proliferation resulting in obstruction to flow (Figure 18.16; 
Video 18.14). Three-dimensional imaging can help to define 
the origins en face as well as display cine-angiographic simu¬ 
lation as shown in Figure 18.17 and in Videos 18.15 and 18.16. 



Figure 18.15 Diagram showing crossed pulmonary arteries. The right 
pulmonary artery (RPA) is inferior and arises from the leftward aspect of 
the main pulmonary artery (MPA). The left pulmonary artery (LPA) is 
superior and arises from the rightward aspect of the MPA. 
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(b) 

Figure 18.16 (a) Parasternal short-axis color compare Doppler image of bilateral pulmonary artery stents and severe pulmonary artery branch stenosis, 
(b) Spectral Doppler image of severe bilateral pulmonary artery branch stenosis. Ao, aorta; LPA, left pulmonary artery; RPA, right pulmonary artery 
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Figure 18.17 (a) Three-dimensional black 
and while en fosse image of pulmonary 
arteries/stents in same patient as Figure 18.16. 
(b) Three-dimensional color Doppler image 
of pulmonary arteries/stents in same patient 
as Figure 18.16. LPA, left pulmonary artery; 
RPA, right pulmonary artery. 
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Echocardiographic evaluation of the PAs after the arterial switch 
operation is discussed in Chapter 24. 


Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 18.1 Small patent ductus. Parasternal short-axis color 
Doppler video of a small patent ductus arteriosus that is conical in 
shape and funnels at the pulmonary end. 

Video 18.2 Moderate patent ductus. Parasternal short-axis color 
Doppler compare video of a moderate patent ductus arteriosus. 

Video 18.3 Large patent ductus. Parasternal short-axis color 
Doppler compare video of a large patent ductus arteriosus with bidi¬ 
rectional shunting. 

Video 18.4 Vertical patent ductus. Suprasternal notch color 
Doppler compare video of a moderate serpiginous patent ductus 
arteriosus with left-to-right shunting in a patient with pulmonary 
atresia. 

Video 18.5 Vertical patent ductus/3D. Suprasternal notch color 
three-dimensional “color angio” video of a moderate serpiginous 
patent ductus arteriosus in a patient with pulmonary atresia. 

Video 18.6 Bilateral ducti. Doppler color video from supraster¬ 
nal notch of bilateral ducti in a patient with discontinuous 
pulmonary arteries. The right ductus arises from the right innomi¬ 
nate artery and the left ductus arises from the proximal descending 
aorta. 

Video 18.7 Ductal aneurysm/black and white. Parasternal short- 
axis video of a large ductal aneurysm with mild compression of left 
pulmonary artery and spontaneous contrast in ductal aneurysm. 

Video 18.8 Ductal aneurysm/color. Parasternal short-axis color 
Doppler video of a large ductal aneurysm with mild compression 
of left pulmonary artery and small amount of flow into ductus 
aneurysm. 

Video 18.9 Ductal device occluding LPA/black and white. Paraster¬ 
nal short-axis video of a ductal occluder device causing near com¬ 
plete occlusion of the proximal left pulmonary. 

Video 18.10 Ductal device occluding LPA/color. Parasternal short- 
axis video of a ductal occluder device causing near complete occlu¬ 
sion of the proximal left pulmonary with minimal color flow into 
left pulmonary artery. 

Video 18.11 Hybrid. Doppler color compare video from supraster¬ 
nal notch of a ductal stent placed as part of a hybrid procedure 
for hypoplastic left heart. Flow enters the ascending aorta without 
obstruction. 


Video 18.12 Mild PABS. Parasternal short-axis color compare 
video and spectral Doppler images of mild bilateral pulmonary 
artery stenosis. 

Video 18.13 Crossing pulmonary arteries. High parasternal short- 
axis color compare video of crossing pulmonary arteries with right 
pulmonary artery coursing inferior to left pulmonary artery. 

Video 18.14 Severe PABS with stents. Parasternal short-axis color 
compare Doppler video of bilateral pulmonary artery stents and 
severe pulmonary artery branch stenosis. 

Video 18.15 Severe PABS with stents/3D. Parasternal short-axis 
three-dimensional video of bilateral pulmonary artery stents show¬ 
ing ostia of both pulmonary arteries en fosse. 

Video 18.16 Severe PABS with stents/3D color. Parasternal short- 
axis color three-dimensional “color angio” video of bilateral pul¬ 
monary artery stents and severe pulmonary artery branch steno¬ 
sis. The color “hologram” setting and “3D swivel” provides detailed 
anatomic information. 
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CHAPTER 19 

Anomalies of the Left Ventricular Outflow Tract 
and Aortic Valve 


John M. Simpson and Owen I. Miller 

Evelina London Childrens Hospital, Guy’s and St Thomas’ NHS Foundation Trust, London, UK 


This chapter addresses anomalies of the left ventricular outflow 
tract, with emphasis on echocardiographic evaluation. In gen¬ 
eral, lesions are divided into those causing obstruction of the 
left ventricular outflow tract and those involving the aortic root, 
such as sinus of Valsalva aneurysm, aortic valve cusp prolapse 
and aortico-left ventricular tunnel. 


Definitions 

Obstruction of the left ventricular outflow tract may occur below 
the level of the aortic valve (subaortic stenosis ), at the level 
of the aortic valve (valvar aortic stenosis ), or above the aortic 
valve, typically at the level of the sinotubular junction ( supraval¬ 
var aortic stenosis). When there is a ventricular septal defect 
immediately below the aortic valve there is the potential for 
one of the aortic cusps (usually the right coronary cusp) to 
prolapse into the ventricular septal defect, which can lead to 
regurgitation of the aortic valve. A sinus of Valsalva aneurysm 
refers to abnormal dilation of the aortic root wall or scalloped 
area of the cusps of the aortic valve. This condition can be 
complicated by rupture of the affected sinus into an adjacent 
area of the heart. An aortico-left ventricular tunnel is a lesion 
where there is abnormal communication between the ascend¬ 
ing aorta and the left ventricle through an abnormal pathway 
(“tunnel”), which has the hemodynamic effect of severe aortic 
regurgitation. 

Incidence 

The incidence of aortic valve stenosis in liveborn infants is 
around 0.4 per 1000 live births [1]. The incidence of bicuspid 
aortic valve is approximately 13.5 per 1000 live births [1]. In a 
cross-sectional study, Kitchiner et al. [2] described an incidence 


of subvalvar aortic stenosis of 0.09 per 1000, whereas that of 
supravalvar aortic stenosis was 0.05 per 1000. Sinus of Valsalva 
aneurysm and aortico-left ventricular tunnel are rare lesions 
without large reported numbers to give an accurate estimation 
of population incidence. 


Etiology 

There is good evidence that cardiac defects causing left heart 
obstruction have a significant genetic component [3,4]. Aor¬ 
tic valve stenosis is seldom associated with major chromo¬ 
somal abnormalities [5], but empiric studies of familial pat¬ 
terns of recurrence [3] suggest a significant genetic influence. 
Recent work has implicated the NOTCH pathway and genes 
such as KCNJ2 and NKX2-5 [6]. Bicuspid aortic valve has 
a definite genetic component [7] and may coexist with other 
forms of left heart obstruction such as coarctation of the aorta. 
This has led professional groups to recommend family screen¬ 
ing where left ventricular outflow tract obstruction, particu¬ 
larly bicuspid aortic valve, has been identified in the index 
case [8,9]. Supravalvar aortic stenosis is most characteristically 
associated with Williams-Beuren syndrome, which is due to 
a deletion in the elastin gene on chromosome 7qll.23 [10]. 
Familial occurrence of supravalvar aortic stenosis has been 
observed without the characteristic phenotype or gene dele¬ 
tion found in Williams-Beuren syndrome and may be due 
to other mutations in the elastin gene [11]. Subaortic steno¬ 
sis may be familial [12] but in most cases is felt to be the 
result of the interaction of a number of factors. These factors 
include abnormal morphologic findings such as ventricular sep¬ 
tal defect, and abnormal aorto-septal angle producing increased 
septal shear stress, which in susceptible individuals leads to 
abnormal cellular proliferation causing subaortic obstruction 
[13,14]. 
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Subaortic stenosis 
Morphology and classification 

Subaortic stenosis may occur in isolation or in association with 
other congenital heart defects such as ventricular septal defect, 
atrioventricular septal (canal) defect, bicuspid (bicommissural) 
aortic valve, aortic valve stenosis, coarctation of the aorta, inter¬ 
ruption of the aortic arch, and double-chambered right ventri¬ 
cle [15-17]. In addition, subvalvar aortic stenosis may accom¬ 
pany conotruncal anomalies and complex anomalies, including 
transposition of the great arteries, double-outlet right ventricle 
and single ventricle. Abnormalities of the insertion of the mitral 
valve or accessory mitral valve tissue may also coexist [18]. Vari¬ 
ation in the morphology of the left ventricular outflow tract 
obstruction can have several causes: 

1 Hypertrophic cardiomyopathy: hypertrophy of the ventricu¬ 
lar septum can result in muscular obstruction of the left ven¬ 
tricular outflow tract. This may be accompanied by abnormal 
systolic anterior motion of the mitral valve. This is dealt with 
in more detail in Chapter 34. 

2 Discrete “membranous” subaortic stenosis (Figures 19.1 and 
19.2; Videos 19.1 and 19.2): this form of subaortic stenosis 
usually manifests during childhood and is rare during infancy 
[19]. The morphology of the left ventricular outflow is char¬ 
acterized by a steeper angle between the plane of the ventricu¬ 
lar septum and the aortic root (aorto-septal angle), elongation 
of the intervalvular fibrosa between the anterior mitral leaflet 
and the aortic valve, and an exaggerated aortic override above 
the ventricular septal crest [20]. There is a frequent associa¬ 
tion with a membranous ventricular septal defect, and abnor¬ 
mal shear stresses have been implicated, by causing abnor¬ 
mal proliferation of fibrous tissue. Although such discrete 
obstruction is amenable to surgical repair, regrowth of tissue 
may lead to recurrence of subaortic obstruction [21-24]. Note 



Figure 19.1 Transesophageal echocardiogram of a patient with 
“membranous” subaortic stenosis. There is a discrete area of stenosis below 
the aortic valve. The aortic valve itself is of normal size. Ao, aorta; AoV, 
aortic valve; LA, left atrium; LV, left ventricle; SM, subaortic membrane. 



Figure 19.2 Transesophageal echocardiogram of subaortic stenosis. This 
patient has a persisting left superior vena cava draining to the coronary 
sinus, which explains the dilated coronary sinus. The extension of the 
subaortic tissue onto the anterior leaflet of the mitral valve is well 
demonstrated. AMVL, anterior mitral valve leaflet; Ao, aorta; CS, coronary 
sinus; LA, left atrium; LV, left ventricle; Sub AS, subaortic stenosis. 


that the obstructive subaortic tissue may not be limited to the 
ventricular septum and may extend onto the anterior leaflet of 
the mitral valve (Figure 19.2; Video 19.2) as well as the ven¬ 
tricular aspect of the aortic valve leaflets. 

3 “Tunnel-type” subaortic stenosis (Figure 19.3; Video 19.3): 
as the name implies, this form of subaortic stenosis involves 
a long segment of narrowing of the left ventricular outflow 
tract and is often caused by muscle. The muscular narrowing 
can involve an accessory anterolateral papillary muscle, sep¬ 
tal hypertrophy, or a combination of the above. This form of 
obstruction frequently occurs early in life and is often asso¬ 
ciated with other forms of left heart obstruction. The clinical 



Figure 19.3 Subcostal view of an infant with coarctation of the aorta and 
“tunnef’-type subaortic stenosis. There is no discrete “membrane” but the 
subaortic region is diffusely hypoplastic with the potential for a long 
segment of obstruction to the left ventricular outflow tract. AMVL, 
anterior mitral valve leaflet; LV, left ventricle; RV, right ventricle. 
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implication is that a more extensive type of surgical repair will 
be required compared with repair of the discrete fibrous form 
of obstruction [25,26]. 

4 Posterior deviation of the outlet (infundibular) septum may 
cause subaortic obstruction [27]. This typically occurs in asso¬ 
ciation with conditions such as type B interruption of the aor¬ 
tic arch or, less commonly, coarctation of the aorta with ven¬ 
tricular septal defect, where the aortic valve and ascending 
aorta may be hypoplastic. 

Pathophysiology 

The development of subaortic stenosis is thought to be due to 
abnormal shear forces in the left ventricular outflow tract, lead¬ 
ing to abnormal growth of fibrous tissue [13,28]. Such shear 
forces are increased in the presence of an abnormal aorto-septal 
angle and other lesions such as a ventricular septal defect. The 
obstruction to the left ventricular outflow tract leads to com¬ 
pensatory ventricular hypertrophy. Contractile function of the 
left ventricle is usually well maintained initially but may worsen 
with time if severe outflow tract obstruction is not relieved. The 
fibrous tissue below the aortic valve may extend onto the aortic 
valve leaflets and contribute to obstruction of the left ventricular 
outflow tract. The turbulent jet across the subaortic region may 
also interfere with optimal motion of the aortic valve and may 
contribute to aortic valve regurgitation. Consequently, some 
centers have advocated early surgical resection of the subaortic 
lesion to reduce aortic regurgitation [22,23], a strategy that has 
not been consistently adopted [28,29]. There is a clear indica¬ 
tion for surgical intervention where there is severe left ventric¬ 
ular outflow tract obstruction. The indications for intervention 
in children with relatively mild outflow tract obstruction are less 
clear-cut. As a minimum, serial echocardiographic examination 
is required because rapid progression of subaortic stenosis may 
occur in infancy and early childhood [23]. For adults with rela¬ 
tively low Doppler-derived gradients (<50 mmHg) a conserva¬ 
tive approach may be adopted although progression may occur 
during adult life, albeit more slowly than in infancy and early 
childhood [23,30]. 

Imaging 

The goals of echocardiographic assessment of subvalvar aortic 
stenosis are to comprehensively characterize the morphologic 
features of the obstructive lesion, to evaluate the hemodynamic 
severity, and to delineate associated anomalies. 

Key elements 

In all cases, complete anatomic and functional examination by 
two-dimensional (2D) and 3D imaging, as appropriate, and by 
color and spectral Doppler. In addition, the following elements 
of cardiovascular anatomy and function should be evaluated in 
detail and be given priority. 

• Delineation of the morphology of the left ventricular outflow 
tract and the type of subaortic obstruction by 2D and 3D imag¬ 
ing from the subcostal, apical, and parasternal windows. 


• Measurement of the distance between the obstructive subaor¬ 
tic tissue from the aortic valve hinge in systole. 

• Measurements of aortic valve annulus, root, and ascending 

aorta diameters from the parasternal long-axis view in systole. 

• Assessment of aortic valve morphology. 

• Assessment of the severity of left ventricular outflow tract 

obstruction by pulsed- (PW) and continuous-wave (CW) 

Doppler. 

• Evaluation of aortic valve regurgitation. 

• Quantitative assessment of left ventricular size and function. 

• Identification of associated abnormalities. 

The assessment of severity of left ventricular outflow tract 
obstruction can be done in a manner analogous to that of aor¬ 
tic valve stenosis (see “Aortic valve stenosis” later). Muscular 
subaortic obstruction may be accompanied by an increase in 
the Doppler velocity in late systole leading to an asymmetric 
Doppler trace consistent with dynamic obstruction. To obtain 
optimal Doppler signals, imaging is undertaken from the apical 
and from the suprasternal notch views. Pulsed Doppler is helpful 
to localize flow acceleration and, in patients with several levels 
of obstruction, to determine the contribution of each location to 
the total estimated pressure drop. The maximum instantaneous 
and mean gradients across the left ventricular outflow are also 
recorded from both transducer positions by CW Doppler, with 
particular attention to optimization of the alignment between 
the ultrasound beam and the direction of flow. A detailed dis¬ 
cussion of the principles of assessing stenosis by Doppler can be 
found in Chapter 6. 

Imaging of the morphology of the left ventricular outflow 
tract is crucial for planning management. In the membranous 
form of subaortic stenosis the full extent of the fibrous mem¬ 
brane should be defined, as such membranes vary in their dis¬ 
tance from the aortic valve itself, and some extend circumfer¬ 
entially to involve the anterior leaflet of the mitral valve. This 
assessment is best achieved from the parasternal long- and short- 
axis views. Three-dimensional imaging allows en face views of 
the subaortic obstruction from the left ventricular cavity and 
through the aortic valve (Figure 19.4; Video 19.4). In some 
patients, accessory tissue related to the mitral valve attaches to 
the subaortic septum, producing or contributing to subaortic 
stenosis [31]. The aortic valve may be intrinsically abnormal or 
be restricted in its motion due to encroachment of fibrous tis¬ 
sue onto the ventricular aspect of the leaflets. The aortic valve 
leaflets may “flutter” during systole as they are hit by the turbu¬ 
lent jet from the subaortic region (Figure 19.5). 

Comprehensive echocardiographic evaluation is crucial for 
planning subaortic stenosis surgery. Discrete “membranous” 
subaortic stenosis may be resected with preservation of the 
native aortic valve. However, “tunnel” forms of subaortic steno¬ 
sis may not be able to be managed by resection of a local¬ 
ized area of tissue and may require a more extensive resection 
[21,25,26,32]. It is therefore essential to have all anatomic infor¬ 
mation before surgical repair. In the tunnel type of subaortic 
obstruction, the left ventricular outflow tract is often hypoplastic 
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Figure 19.4 Three-dimensional echocardiogram demonstrating an en face 
view of circumferential subaortic obstruction viewed from the left 
ventricle. The subaortic obstruction is indicated by the asterisks (*) and the 
ventricular septum by the open-headed arrows (>). 


including the aortic valve annulus. In selected patients, exten¬ 
sive subaortic resection may have to be combined with inser¬ 
tion of the patient’s pulmonary valve into the aortic position 
(Ross-Konno operation) [33,34]. In small infants, transthoracic 
echocardiographic imaging is usually all that is necessary to 
plan treatment, but in older children and adults, transesophageal 
echocardiography (TEE) may be necessary to gain all relevant 
information. In some patients, subaortic obstruction follows 
repair of more complex forms of congenital heart disease [35]. 
An example of this would be subaortic obstruction following a 
“Rastelli” type of repair for conditions such as transposition of 
the great arteries with a ventricular septal defect and pulmonary 
stenosis. In this repair, the outflow from the left ventricle is baf¬ 
fled to the aorta via the ventricular septal defect, using a patch. 
The tortuous outflow tract is a substrate for subaortic obstruc¬ 
tion (Figure 19.6). Subaortic stenosis may also develop follow- 



Figure 19.5 M-mode echocardiogram of the long-axis aortic valve. 
“Fluttering” of the aortic valve leaflets is indicated by the arrows and is due 
to the turbulent subaortic jet striking the aortic valve leaflets. Ao, aorta; LA, 
left atrium. 



Figure 19.6 Transesophageal echocardiogram of a patient with subaortic 
obstruction following a “Rastelli” repair of transposition of the great 
arteries with an associated ventricular septal defect (VSD) and pulmonary 
stenosis. The outflow of the left ventricle is across the VSD. This leads to a 
tortuous subaortic area, and in this example there is stenosis between the 
native pulmonary artery and the VSD patch. The asterisk (*) denotes the 
area of subaortic narrowing. Ao, aorta; LV, left ventricle; PA, pulmonary 
artery. 


ing complete repair of an atrioventricular septal (canal) defect 
which may be related the unwedged position of the native aorta 
and elongation of the left ventricular outflow tract (Figure 19.7; 
Video 19.5). Other examples include conditions such as double¬ 
inlet left ventricle with transposition of the great arteries, where 
the outlet of the left ventricle to the ascending aorta is through a 
bulboventricular foramen, which, if restrictive, effectively causes 
subaortic obstruction. 



Figure 19.7 Parasternal long-axis 3D echocardiogram of subaortic stenosis 
following repair of an atrioventricular septal defect. This technique allows a 
depth of view to assist in delineating the extent of the fibrous subaortic 
stenosis, in this case extending onto the repaired superior bridging leaflet. 
LA, left atrium; LV, left ventricle; SBL, superior bridging leaflet; Sub AS, 
subaortic stenosis. 
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At the authors’ center, intraoperative imaging, either by an 
epicardial or transesophageal approach, is done in all cases of 
subaortic stenosis, whatever the anatomic substrate, to confirm 
adequacy of the surgical relief of obstruction. Alignment of the 
Doppler cursor to the direction of flow is typically best achieved 
by a transgastric transesophageal approach but this can be dif¬ 
ficult or impossible when the chest is open during surgery The 
severity of aortic regurgitation should be assessed because this 
can occasionally worsen following removal of fibrous subaor¬ 
tic obstruction, particularly in cases where fibrous tissue has 
extended onto the aortic valve leaflets themselves. The mitral 
valve should be imaged for evidence of mitral valve regurgita¬ 
tion as damage to the anterior leaflet may occur if a circumfer¬ 
ential subaortic “membrane” has had to be surgically resected 
from the anterior mitral valve leaflet. Finally, it is necessary to 
guard against iatrogenic creation of a ventricular septal defect 
due to inadvertent perforation of the ventricular septum. 

In the longer term, sequential echocardiography is indicated 
to exclude recurrence of subaortic stenosis, which can occur 
even after initial apparent complete resection of the obstruc¬ 
tive tissue. The risk of recurrence is higher when the subaor¬ 
tic “membrane” is closer to the aortic valve and in patients 
with severe preoperative obstruction [24]. Aortic regurgitation 
should be assessed semiquantitatively and chamber dimensions, 
wall thickness, and contractile function should be measured. 


Aortic valve stenosis 
Morphology 

Aortic valve stenosis in children is due to a congenitally abnor¬ 
mal aortic valve rather than degeneration of a morphologically 
normal valve as may occur in late adult life. Morphologically, the 
anomaly may be due to commissural underdevelopment, myxo¬ 
matous thickening of the valve leaflets, annular hypoplasia, or 
a combination of these elements. As a result of commissural 
underdevelopment, the aortic valve may be unicuspid (when 
only one commissure, usually the left-noncoronary commissure, 
is well-formed), bicuspid (when one commissure is underdevel¬ 
oped and the other two are well formed), tricuspid (all three 
commissures are well developed) or, rarely, quadricuspid (when 
an extra commissure is present). Three-dimensional echocar¬ 
diography has the potential to assist in defining valve morphol¬ 
ogy by permitting display of a depth of field so that both cusps 
can be visualized. (Figure 19.8; Video 19.6). In some cases, par¬ 
ticularly in infancy, it may be difficult to identify true separate 
cusps, with the appearance of a single central or eccentric ori¬ 
fice, which has been likened to a “volcano”-type orifice [36]. In 
some patients the valve may be incompetent and stenotic. Aor¬ 
tic regurgitation is invariably present following balloon valvu¬ 
loplasty, either surgical or transcatheter. Poststenotic dilation 
of the proximal ascending aorta also occurs due to the high- 
velocity, turbulent and often eccentric jet through the valve. 



Figure 19.8 Three-dimensional echocardiogram of a bicuspid aortic valve 
viewed from the aortic side. In this example there was coexisting subaortic 
stenosis. The two cusps of the aortic valve are marked by the asterisks (*). 


Pathophysiology 

Obstruction to the left ventricular outflow tract results in 
an increased afterload on the left ventricle. The myocardial 
response to the excess load depends on the stage of develop¬ 
ment at which it occurs. During fetal life, mild stenosis of the 
aortic valve is usually well tolerated with good contraction of 
the left ventricle and normal development of left heart struc¬ 
tures. In fetuses with severe aortic valve stenosis the left ventricle 
dilates, contractile function decreases and endocardial fibroelas¬ 
tosis often develops [37]. As gestational age advances, growth 
of the left ventricle and aorta is subnormal in the majority of 
cases so that, by term, the left ventricle and aorta are hypoplastic 
and postnatal management is more akin to that of hypoplastic 
left heart syndrome [37,38]. Such progression of aortic stenosis 
provides the rationale for intrauterine intervention to prevent 
progression of aortic valve stenosis to hypoplastic left heart syn¬ 
drome, with the potential to improve the likelihood of a biven¬ 
tricular repair postnatally [39-41]. 

Following birth, once the arterial duct closes, the systemic 
arterial circulation has to be supported entirely by left heart 
structures. If there is severe aortic stenosis with significant left 
ventricular dysfunction and/or underdevelopment of left heart 
structures, then the left heart may be unable to support the cir¬ 
culation and the infant will present with cardiovascular collapse. 
In such circumstances, administration of prostaglandin E is life¬ 
saving, by reopening the arterial duct and permitting the right 
heart structures to support the systemic circulation. The term 
“critical” aortic stenosis is commonly applied to infants where 
the systemic circulation is dependent on the maintenance of 
ductal patency. In less severe cases, closure of the arterial duct 
does not lead to left ventricular failure because the left ventri¬ 
cle hypertrophies in response to left ventricular outflow tract 
obstruction and maintains an adequate cardiac output. Such 
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infants and children may remain asymptomatic early in life and 
present for other reasons such as cardiac murmur, reduced exer¬ 
cise tolerance, or exercise-induced syncope. In adults, aortic 
valve stenosis may develop due to degeneration of an aortic valve 
that was not previously stenotic. Individuals with a congenitally 
bicuspid aortic valve have a higher risk of late degeneration of 
the valve than if the valve is tricuspid [42]. 

Imaging 

The goals of echocardiographic assessment of aortic valve steno¬ 
sis are to comprehensively characterize the morphologic features 
of the obstructive lesion, to evaluate the hemodynamic severity, 
and to delineate associated anomalies. 

Key elements 

In all cases, complete anatomic and functional examination by 
2D and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority. 

• 2D imaging of the aortic valve from subcostal, apical, and 
parasternal views with focus on the subvalvar area, annu¬ 
lus, leaflets and commissures, root, sinotubular junction, and 
ascending aorta. 

• 3D imaging of aortic valve morphology with emphasis on en 
face views of the valve from the left ventricular outflow and 
from aortic root. 

• Note underdevelopment of commissures, size of leaflets, 
leaflet thickness and doming, leaflet prolapse, subvalvar steno¬ 
sis, and supravalvar stenosis. 

• Measurements of the following aortic dimensions in the 
parasternal long-axis view in systole: aortic valve annulus, 


root, sinotubular junction, and ascending aorta at the level of 
the right pulmonary artery. 

• Evaluation of maximum instantaneous and mean Doppler 
gradients across the aortic valve from the subcostal, apical, and 
suprasternal/high right parasternal windows. 

• Quantitative assessments of left ventricular size and systolic 
and diastolic functions. 

• If present, note presence of endocardial fibroelastosis. 

• Evaluate for pulmonary hypertension. 

• Left atrial volume measurements. 

The severity of aortic valve stenosis is estimated by measure¬ 
ment of the Doppler-derived maximum instantaneous and mean 
pressure drop across the aortic valve. Classification by Doppler- 
derived pressure drop is only valid if left ventricular function 
is well preserved and cardiac output is normal. Assuming this 
to be the case, and beyond the neonatal age range, mild aor¬ 
tic valve stenosis may be defined as a peak Doppler velocity of 
less than 3 m/s; moderate aortic valve stenosis has a peak veloc¬ 
ity of 3-4 m/s, and severe aortic stenosis is characterized by a 
peak velocity of more than 4 m/s. Color Doppler flow map¬ 
ping is extremely helpful to observe the direction of the flow 
jet, which may be eccentric, and allows optimal alignment of the 
Doppler cursor with the jet (Figure 19.9; Video 19.7). Imaging 
from the suprasternal notch often has the best alignment with 
the direction of flow. Use of the low-frequency CW nonimag¬ 
ing Doppler probe is recommended as it provides optimal access 
to the suprasternal notch, particularly in smaller children. In 
infants and children an apical 3-chamber projection provides an 
excellent window for Doppler interrogation of the left ventricu¬ 
lar outflow tract. CW Doppler is optimal to determine the max¬ 
imum instantaneous and mean Doppler-derived pressure drop, 
but PW Doppler is extremely helpful in patients with multiple 
levels of left ventricular outflow tract obstruction because “step 


Figure 19.9 Long-axis view of the left 
ventricle demonstrating aortic valve stenosis 
with an eccentric jet across the aortic valve. 
Use of color flow Doppler permits 
optimization of the angle of insonation to 
obtain the most accurate values of pressure 
drop across the valve. The dashed line 
represents the distance between the hinge 
points of the aortic valve, which is employed 
for balloon sizing for aortic valvuloplasty. Ao, 
aorta; LA, left atrium; LV, left ventricle. 
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up” in velocity at different sites maybe observed and allow deter¬ 
mination of the relative contribution of the different levels of 
obstruction. 

In older children and in young adults with congenital aor¬ 
tic valve stenosis, an assessment of valve area can be made by 
employing the continuity equation [43,44] or other formulas 
[45,46]. In adults with mild aortic valve stenosis, the effective 
orifice area is >1.4 cm 2 ; in moderate aortic valve stenosis it is 
1.0-1.4 cm 2 , and in severe aortic valve stenosis it is <1.0 cm 2 
[47]. One important group has relatively low “gradients” across 
the aortic valve due to reduced left ventricular ejection fraction 
resulting in a reduced cardiac output. In this group, severe aor¬ 
tic valve stenosis coexists with a relatively low Doppler veloc¬ 
ity across the aortic valve. Dobutamine stress echocardiography 
examines for increases in effective orifice area, contractile func¬ 
tion and pressure gradient under stress conditions, permitting 
stratification of risk for surgery [47]. 

The morphology of the aortic valve is best seen with 
a short-axis view of the aortic valve. The diameter of the 
aortic valve annulus is measured during systole from the 
parasternal long-axis view. If there is aortic regurgitation, the 
parasternal short-axis view is ideal for determining the site of 
regurgitation through the valve. Three-dimensional echocardio¬ 
graphy can provide further information because the depth of 
field permits visualization of the whole cusp rather than the 
single cut plane of cross-sectional techniques (Figure 19.10; 
Video 19.8). Assessment of aortic regurgitation is discussed in 
detail in Chapter 6. Briefly, the severity can be assessed by the 
width of the vena contracta of the aortic regurgitation jet using 
color flow mapping from the parasternal long axis, relative to 
the aortic annulus diameter. CW Doppler interrogation of the 
regurgitant jet can be used to estimate the pressure half-time, 
and the degree and duration of reversal of flow in the distal 



Figure 19.10 Three-dimensional transesophageal echocardiogram of an 
abnormal aortic valve from a patient who had undergone previous balloon 
dilatation of the aortic valve. The noncoronary cusp (N) is deficient, 
whereas the left coronary cusp (L) and right coronary cusp (R) are more 
normal. RYOT, right ventricular outflow tract. 


aortic arch or descending aorta during diastole can be helpful to 
give a semiquantitative assessment of the degree of aortic valve 
regurgitation [48]. 

In all cases of left ventricular outflow tract obstruction at 
any level, left ventricular dimensions and wall-thickness should 
be measured. These measurements can be obtained by cross- 
sectional or M-mode echocardiography of the left ventricle at 
the level of the tips of the mitral valve in either a long- or a short- 
axis projection of the left ventricle. Alternatively, left ventricu¬ 
lar volume, mass and systolic function can be measured by 2D 
or 3D techniques (see Chapter 7 for further details). It is essen¬ 
tial that Doppler-derived pressure drop across a stenotic aortic 
valve is interpreted in light of left ventricular contractile function 
and blood flow rate. An example of this occurs in small infants 
with severe aortic stenosis in whom left ventricular contractile 
function may be so poor that only low-velocity jets are observed 
across a critically stenotic aortic valve. 

A thorough examination of all left heart structures is essen¬ 
tial when aortic valve stenosis is diagnosed. Aortic valve stenosis 
may coexist with other types of left heart obstruction including 
supramitral membrane, mitral valve stenosis, subaortic steno¬ 
sis, and coarctation of the aorta. In infancy, critical aortic steno¬ 
sis is frequently accompanied by hypoplasia of left heart struc¬ 
tures including the mitral valve, left ventricle and aorta (Fig¬ 
ures 19.11-19.13; Videos 19.9 and 19.10). Endocardial fibroe¬ 
lastosis is observed as a brightly echogenic lining to the left 
ventricle; in its mildest form this may involve only the pap¬ 
illary muscles but in its severest form it may line the entire 
left ventricular cavity (Figures 19.12 and 19.13). Estimation of 
the extent and severity of endocardial fibroelastosis may be 
assisted by magnetic resonance imaging (MRI) (Figure 19.14). 
In severely affected infants it may be difficult to judge whether 



Figure 19.11 Four-chamber view of a newborn with critical aortic stenosis. 
In this example the left ventricle is dilated and more globular than normal. 
There is endocardial fibroelastosis affecting mainly the papillary muscle 
apparatus and the ventricular septum. EFE, endocardial fibroelastosis; LA, 
left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 
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Figure 19.12 Four-chamber view of a newborn with critical aortic stenosis 
with associated hypoplasia of the left ventricle and mitral valve. The left 
ventricle no longer forms the apex of the heart, which is now formed by the 
apex of the right ventricle. LA, left atrium; LV, left ventricle; MV, mitral 
valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve. 

left heart structures are capable of supporting the systemic arte¬ 
rial circulation or not. This poses a major challenge in terms 
of management because if left heart structures are judged ade¬ 
quate, an intervention to relieve the aortic valve stenosis may 
be attempted. However, if left heart structures are judged inade¬ 
quate to support cardiac output a single-ventricle (“Norwood”) 
palliation might be adopted. Echocardiographic criteria have 
been developed to aid in decision-making in this regard [49-51] 



Figure 19.13 An example of an infant with critical aortic stenosis and 
severe endocardial fibroelastosis accounting for the bright echogenicity of 
the entire left ventricle. Such extensive endocardial fibroelastosis is 
regarded as an adverse prognostic sign for a biventricular repair. LA, left 
atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 


Figure 19.14 Magnetic resonance imaging may assist in delineating the 
extent of endocardial fibroelastosis (EFE) in infants with severe aortic 
stenosis. In this example late gadolinium enhancement has been used to 
demonstrate the EFE. LA, left atrium; LV, left ventricle; RA, right atrium; 
RV, right ventricle. 

and an online calculator developed by the Congenital Heart Sur¬ 
geons’ Society is available (http://www.chssdc.org/content/chss- 
score-neonatal-critical-aortic-stenosis). 

Echocardiographic evaluation before, during and 
after intervention for aortic valve stenosis 

In the preoperative assessment of the aortic valve, the echocar- 
diographer should focus on the morphology of the aortic valve, 
noting the number of aortic valve leaflets, the morphology of 
the commissures and whether or not any leaflets are fused. An 
accurate measurement of the aortic valve at the hinge points of 
the leaflets is essential for selection of the appropriate balloon 
size for valvuloplasty (Figure 19.9; Video 19.7). In addition, the 
degree of aortic regurgitation should be carefully documented 
as an increase in the degree of regurgitation may occur follow¬ 
ing intervention. 

In most units, balloon aortic valvuloplasty is favored as the 
initial intervention to relieve critical aortic stenosis. Thus, accu¬ 
rate measurement of the hinge points of the aortic valve is impor¬ 
tant to guide optimal balloon sizing. Echocardiography may be 
undertaken during the procedure if a complication is suspected, 
such as perforation of the left ventricle with a guidewire or dam¬ 
age to the aortic valve. At the authors’ center, echocardiogra¬ 
phy is not routinely performed during the interventional proce¬ 
dure unless a major complication is suspected but is performed 
shortly after the procedure to assess residual gradients across 
the aortic valve and to judge the severity of aortic valve regur¬ 
gitation. Judging the severity of aortic valve regurgitation early 
after balloon valvuloplasty may be difficult because of reduced 
compliance of the left ventricle related to muscle hypertrophy or 
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endocardial fibroelastosis, which may lead to underestimation 
of the degree of aortic regurgitation. 

Follow-up echocardiography is indicated in all patients who 
have had intervention or surgery on the aortic valve. This is to 
evaluate restenosis of the aortic valve, particularly with growth, 
and to review the severity of aortic regurgitation, which is 
almost invariable following balloon aortic valvuloplasty or sur¬ 
gical valvotomy. 

Aortic valve stenosis in the fetus 

Aortic valve stenosis may be diagnosed accurately during fetal 
life and the echocardiographic findings have been reported [37- 
39]. In mild cases of aortic stenosis, there is an increased Doppler 
velocity across the aortic valve with good left ventricular func¬ 
tion and antegrade flow around the aortic arch. Growth of left 
heart structures is well maintained with advancing gestational 
age. Sequential echocardiography is indicated during fetal life to 
monitor for progression of aortic valve stenosis, as some fetuses 
will demonstrate progressively increased severity of left ventric¬ 
ular outflow tract obstruction. 

In severe cases of aortic stenosis diagnosed during fetal life, 
the left ventricle is typically dilated early in gestation with 
reduced systolic function (Figure 19.15). Endocardial fibroelas¬ 
tosis is a frequent association, although the severity may vary. 
This appears as a bright echogenic lining of the left ventricu¬ 
lar cavity. Mitral valve regurgitation may occur and, if severe, 
is associated with poor prognosis [52,53] (Figure 19.16; Video 
19.1 1). The interatrial communication, which normally permits 
right-to-left flow, may reverse due to left heart inflow obstruc¬ 
tion. In some cases the atrial septum may be highly restrictive or 
even intact (Figures 19.17 and 19.18). Doppler interrogation of 




Figure 19.15 Fetal echocardiogram of a fetus with severe aortic stenosis. 
The left ventricle is dilated and compresses the right ventricle. Growth of 
the left ventricle is subnormal in the majority of cases so that by late 
gestation the appearances are more akin to classical hypoplastic left heart 
syndrome. DAo, descending aorta; LV, left ventricle; RV, right ventricle. 



Figure 19.16 Fetal echocardiogram demonstrating severe mitral valve 
regurgitation in a fetus with critical aortic stenosis. There is a broad jet of 
mitral valve regurgitation, which fills a large portion of the dilated left 
atrium. LA, left atrium; LV, left ventricle; RA, right atrium. 

the pulmonary veins, with particular attention to the degree and 
duration of flow reversal during atrial contraction, is extremely 
helpful in determining the degree of restriction of the atrial sep¬ 
tum (Figure 19.19). With advancing gestational age, growth of 
left heart structures is almost always subnormal so that by term, 
the aorta, left ventricle and mitral valve are severely hypoplas¬ 
tic. Judging which fetuses will be managed toward a biventricu¬ 
lar circulation versus those that will be managed toward a sin¬ 
gle ventricle physiology is often difficult. The relative diameters 
and lengths of the right and left ventricles, presence of endocar¬ 
dial fibroelastosis, degree of mitral valve regurgitation, hypopla¬ 
sia of the aorta and direction of flow in the distal aortic arch may 
all help in prognostication [39]. Fetuses at the severe end of the 



Figure 19.17 Severe dilation of the left atrium in a fetus with critical aortic 
stenosis, severe mitral valve regurgitation, and a restrictive interatrial 
communication. Note the pronounced dilation of the left pulmonary veins 
and bowing of the atrial septum from left to right. LA, left atrium; LPV, left 
pulmonary veins; LV, left ventricle; RA, right atrium; RV, right ventricle. 
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Figure 19.18 Restriction interatrial communication in a fetus with critical 
aortic stenosis. There is a narrow turbulent jet of blood from the left atrium 
to the right atrium representing the only point of decompression of the left 
atrium. LA, left atrium; LV, left ventricle; RA, right atrium; RIAC, 
restrictive interatrial communication. 

spectrum will often require management with a single-ventricle 
palliation using a Norwood strategy rather than balloon dilation 
of the aortic valve or surgical valvotomy. It is the progression of 
aortic valve stenosis to a situation analogous to hypoplastic left 
heart syndrome that has led to prenatal intervention being con¬ 
sidered for affected fetuses [39-41]. 
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Figure 19.19 Interrogation of the pulmonary veins can be helpful to assess 
the degree of restriction of the atrial septum in the context of severe left 
heart obstruction. In (a) there is flow into the left atrium during 
ventricular systole (S) and diastole (D) with only a short low-velocity 
period of flow reversal during atrial contraction. In (b) there is a short 
period of normal flow into the left atrium during early ventricular systole 
only, with major reversal of flow during atrial systole. This represents the 
findings where the atrial septum is highly restrictive. 


The echocardiographic approach during fetal life includes 
all of the assessments listed above but in addition should also 
include: 

• Diameters of left and right ventricles 

• Lengths of right and left ventricles 

• Diameters of the mitral and tricuspid annuli 

• Severity of mitral valve regurgitation 

• Diameters of aortic valve annulus and aortic arch 

• Direction of systolic flow in the distal aortic arch (antegrade 
versus retrograde) 

• Direction of flow across the atrial septum 

• Flow profile in the pulmonary veins. 

Supravalvar aortic stenosis 
Morphology 

Supravalvar aortic stenosis typically occurs at the sinotubular 
junction and is characterized by discrete narrowing of the aortic 
lumen at this point (Figures 19.20 and 19.21; Video 19.12). This 
condition is most often seen due to defects in the elastin gene 
[54]. Marked thickening of the aortic media at the sinotubular 
junction produces the narrowing. The sinuses of Valsalva maybe 
enlarged below the level of stenosis (Figure 19.21), and tethering 
of the aortic valve leaflets and stenosis of the coronary ostia are 
frequent associations. In addition to narrowing at the level of the 
sinotubular junction there may be varying degrees of hypopla¬ 
sia of the ascending aorta, aortic arch and stenoses of head and 
neck vessels [55]. The extent of stenoses affecting other vessels 
or hypoplasia of the aortic arch may be assessed by MRI (Figure 
19.22) as well as echocardiography. 

Pathophysiology 

Supravalvar aortic stenosis is extremely rare during fetal and 
early postnatal life but can become progressively more severe 
with age. It leads to increased afterload on the left ventricle and is 
associated with left ventricular hypertrophy when outflow tract 
obstruction is significant. In addition to the narrowing at the 
level of the sinotubular junction, the anomaly can involve the 
aortic valve with tethering and restricted leaflet motion. This can 
contribute further to the increased afterload on the left ventricle. 
Coronary ostial stenoses can occur in association with supraval¬ 
var aortic stenosis, which can lead to a precarious balance of 
coronary supply to the myocardium in the face of increased 
myocardial oxygen demand. Hypoplasia of the aortic arch and 
stenoses of the head and neck vessels can further increase the 
afterload on the left ventricle [55,56]. The abnormal composi¬ 
tion of the vessel wall leads to increased medial hypertrophy and 
reduced elasticity of the vessel wall, which places further load on 
the left ventricle. 

Imaging 

The goals of echocardiographic assessment of supravalvar aor¬ 
tic stenosis are to comprehensively characterize the morphologic 
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features of the obstructive lesion, to evaluate the hemodynamic 
severity, and to assess the entire thoracic aorta. 

Key elements 

In all cases, complete anatomic and functional examination by 
2D and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority. 

• Delineation of the morphologic features of the aortic root, 
sinotubular junction, and aortic valve morphology by 2D and 
3D imaging. 

• Measurements of the aortic valve annulus, root, sinotubular 
junction, and ascending aorta diameters in systole. 



Figure 19.21 Parasternal long-axis view of a patient with supravalvar aortic 
stenosis. The line represents the dimension of the narrowest region of the 
aorta at the level of the sinotubular junction. LA, left atrium; LV, left 
ventricle; STJ, sinotubular junction. 


Figure 19.20 Supravalvar aortic stenosis. 
Parasternal long-axis view demonstrating 
“pinching” of the aorta at the level of the 
sinotubular junction. Color flow mapping 
confirms that turbulence of blood flow 
originates in the supravalvar region. LV, left 
ventricle; RV, right ventricle; STJ, sinotubular 
junction. 

• Doppler evaluation of the severity of obstruction to blood 
flow from the subcostal, apical, and suprasternal/high right 
parasternal views. 

• Assessment of the anatomy of the aortic arch and evaluation 
of flow around the aortic arch by Doppler. 

• Visualization of the head and neck vessels to identify stenosis. 

• Measurements of left ventricular size and function. 

The imaging planes used to assess severity of obstruction 
are similar to those for aortic valve stenosis; imaging from the 
high right parasternal and suprasternal notch acoustic win¬ 
dows is particularly helpful. Although obtaining good acous¬ 
tic windows to evaluate the ascending aorta can be difficult, 



Figure 19.22 Magnetic resonance imaging of the ascending aorta, aortic 
arch, and head and neck vessels. This form of imaging is extremely helpful 
in planning the surgical approach for repair of supravalvar aortic stenosis 
and to identify occult stenoses in other vessels. AS, aortic stenosis; LV, left 
ventricle. 
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positioning the patient in a left or a right lateral decubitus can 
be helpful. Long-axis views of the left ventricle can be adapted 
to include the affected area at the sinotubular junction (Fig¬ 
ures 19.20 and 19.21). Careful assessment of the aortic arch and 
head and neck vessels is essential because there may be gen¬ 
eralized hypoplasia of the arch, coarctation of the aorta, and 
stenoses of the head and neck vessels, particularly at their origin 
from the aortic arch. If supravalvar aortic stenosis is considered 
severe enough to merit surgery, MRI is desirable to supplement 
echocardiography (Figure 19.22). During surgery, TEE or epi- 
cardial imaging is useful to confirm relief of obstruction and to 
image the aortic valve and origins of the coronary arteries. 

Follow-up echocardiography is important for any patient with 
supravalvar aortic stenosis. This is performed to evaluate pro¬ 
gression of the severity of stenosis both before and after surgery. 
In some patients, the entire aortic arch is hypoplastic, and relief 
of supravalvar aortic stenosis at the level of the sinotubular junc¬ 
tion simply exposes pressure drops elsewhere in the aorta. The 
degree of aortic regurgitation should also be assessed because 
the aortic valve leaflets are frequently tethered at the level of the 
sinotubular junction and surgery occasionally results in worsen¬ 
ing of the degree of aortic valve regurgitation. 

Bicuspid (bicommissural) aortic valve 
Morphology 

In around 0.8-1.0% of individuals the aortic valve is made up 
of two rather than three cusps [1,57]. This is due to underde¬ 
velopment of one of the three commissures that define the aor¬ 
tic valve leaflets. The commissure can be absent, resulting in a 
truly bicuspid valve, or it may exhibit varying degrees of under¬ 
development, a circumstance that has been described as “func¬ 
tionally bicuspid (or bicommissural) valve.” It is worth noting 
that even when the commissure is absent, a raphe is typically 
present, marking the location of the commissure. One of the 
fused cusps is frequently hypoplastic. Although some bicuspid 
aortic valves may exhibit stenosis or, less frequently, regurgita¬ 
tion during infancy and childhood, many others function nor¬ 
mally for decades. There is, however, an increased likelihood of 
degeneration with acquired stenosis and/or regurgitation later 
in life. Bicuspid aortic valve is more common in males (approx¬ 
imately 70%) and follows a genetic predisposition [7]. 

Dilation of the ascending aorta has been increasingly recog¬ 
nized as an accompaniment, which has been linked to struc¬ 
tural abnormalities of the aortic wall similar to that seen in 
cystic medial necrosis associated with Marfan syndrome and 
other connective tissue disorders. This dilation has been linked 
to an increased risk of aortic dissection later in life [42,58,59]. 
Importantly, the sites of aortic dilation in bicuspid aortic valve 
and Marfan syndrome are different. The mid-ascending aorta 
is the site most involved in bicuspid aortic valve, whereas 
the sinuses of Valsalva (i.e., aortic root) are most commonly 
involved in Marfan syndrome. Recent data have confirmed a 


progressive increase in the aortic diameter z-score of children 
followed sequentially for a bicuspid aortic valve [60-62]. 

The morphology of the bicuspid aortic valve has clinical 
and prognostic implications. In ~60-70% of patients the inter¬ 
coronary commissure is underdeveloped, leading to fusion of 
the left and right coronary cusps. In ~28-37% of patients the 
right noncoronary commissure is underdeveloped, leading to 
fusion of the right and noncoronary cusps. The left noncoro¬ 
nary commissure is underdeveloped in only 2-4% of cases with 
fusion of the left and noncoronary cusps [63,64]. Compared 
with other morphologies of the bicuspid aortic valve, underde¬ 
velopment of the intercoronary commissure is more often asso¬ 
ciated with coarctation of the aorta and other congenital heart 
disease, whereas underdevelopment of the right noncoronary 
commissure is more often associated with aortic valve dysfunc¬ 
tion (stenosis and regurgitation) and with more severe dilation 
of the ascending aorta [63,65]. Associated congenital cardiac 
anomalies include, among others, coarctation of the aorta, inter¬ 
rupted aortic arch, hypoplastic left heart syndrome, atrioven¬ 
tricular canal defect, Ebstein anomaly, partially and totally 
anomalous pulmonary venous connection, tetralogy of Fallot, 
double-outlet right ventricle, and transposition of the great 
arteries. 

Imaging 

Bicuspid aortic valves should be evaluated in a manner analo¬ 
gous to that used for aortic valve stenosis (Figure 19.8; Video 
19.6). In childhood there may be no evidence of obstruction 
at the valvar level, but bicuspid valves have a high likelihood 
of developing stenosis during adulthood. In some patients, the 
bicuspid valve exhibits mostly regurgitation. Thus, surveillance 
of aortic valve function is indicated in patients with bicuspid 
aortic valve. Three-dimensional echocardiography may assist in 
defining the precise morphology of the bicuspid aortic valve 
[66]. The echocardiographic evaluation should also include 
measurements of the ascending aorta and root due to the risk 
of progressive aortic dilation. Quantitative measurements of left 
ventricular size and function are essential in patients with abnor¬ 
mal aortic valve function. Because the aortic valve is bicuspid in 
~30% of children with coarctation of the aorta, the finding of a 
bicuspid valve should prompt a detailed assessment of the aor¬ 
tic arch. In young children, short-axis views by a transthoracic 
approach are adequate to image the aortic valve, but in older chil¬ 
dren and adults, TEE may be required to obtain adequate image 
quality, particularly if surgery is being considered. 

Aortic cusp prolapse 
Morphology 

Aortic cusp prolapse occurs when one of the leaflets, usually the 
right coronary cusp, prolapses into a ventricular septal defect, 
which may be either a membranous or doubly committed sub- 
arterial (conal septal) defect [67,68]. Such prolapse of an aortic 
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valve leaflet often leads to partial or complete occlusion of the 
ventricular septal defect and is associated with aortic regurgi¬ 
tation in most cases. The mechanism of prolapse is thought to 
be related to the flow dynamics across a restrictive ventricular 
septal defect. The high-velocity jet across the ventricular sep¬ 
tum leads to a low-pressure area (known as the Venturi effect), 
which has the effect of drawing the coronary cusp into the ven¬ 
tricular septal defect [69]. The site of aortic regurgitation may 
be central or through a commissure between the aortic cusps, 
most commonly between the right and noncoronary cusps. If 
aortic regurgitation is moderate or worse, surgical intervention 
to restore aortic valve function is indicated. In cases with mild 
or no aortic regurgitation, serial echocardiography is indicated 
to monitor for worsening aortic regurgitation [70-72]. Detailed 
visualization of the aortic valve is mandatory prior to surgical 
repair, with transesophageal echocardiography being the tech¬ 
nique of choice [73]. 

Imaging 

Parasternal long-axis views show the prolapse of the cusp and 
the aortic regurgitant jet (Figure 19.23a-c; Video 19.13). The 
ventricular septum is aligned to the “belly” of the aortic valve 
leaflet rather than to the anterior wall of the aortic root. Short- 
axis views of the aortic valve demonstrate the location of any 
residual ventricular septal defect and the site of aortic regur¬ 
gitation. Three-dimensional echocardiography can assist man¬ 
agement by permitting accurate identification of the prolapsing 
leaflet and unique views from the right ventricle, which emu¬ 
lates the surgical view during repair (Figure 19.24 a-c; Videos 
19.14-19.16). 

Transesophageal echocardiography is the technique of choice 
to document the anatomy when transthoracic imaging is insuffi¬ 
cient and is indicated in most children being considered for sur¬ 
gical repair. Three-dimensional transesophageal imaging pro¬ 
vides further definition particularly by creating novel views of 
the defect from the transaortic surgical view and from the right 
ventricular aspect (Figure 19.24 a-c; Videos 19.14-19.16). Sur¬ 
gical repair involves resuspension of the affected aortic valve 
cusp and closure of the ventricular septal defect. Intraoperative 
TEE is extremely helpful in monitoring the effectiveness of the 
repair and documenting aortic regurgitation, which may per¬ 
sist postoperatively. Follow-up echocardiography is mandatory, 
mainly to check for progression of aortic regurgitation following 
surgery. In some patients with aortic cusp prolapse, a conserva¬ 
tive approach may be adopted if aortic regurgitation is absent or 
mild, without evidence of progression over sequential echocar- 
diographic assessments. 

Sinus of Valsalva aneurysm 
Morphology 

The aortic sinus of Valsalva is defined as the part of the aor¬ 
tic root that is delineated proximally by the attachments of the 
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Figure 19.23 Aortic cusp prolapse, (a) Parasternal long-axis view 
demonstrating prolapse of the right coronary cusp into a membranous 
ventricular septal defect (VSD). Note that the “belly” of the right coronary 
cusp is abnormally aligned to the crest of the ventricular septum, (b) The 
eccentric jet of aortic valve regurgitation is clearly seen, directed toward the 
anterior leaflet of the mitral valve, (c) The color flow jet of the restrictive 
membranous VSD can be readily visualized just below the right coronary 
cusp. Ao, aorta; AR, aortic regurgitation; LA, left atrium; LV, left ventricle; 
RCC, right coronary cusp. 
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Figure 19.24 Three-dimensional (3D) 
echocardiogram from a patient with right 
coronary cusp prolapse into a membranous 
ventricular septal defect, (a) Multiplanar 
reformatted approach to identification of the 
prolapsing cusp. The red, green, and blue 
planes are centered over the prolapsing right 
coronary cusp, (b) Rendered 3D projection 
of the right coronary cusp prolapsing into the 
ventricular septal defect. The ventricular 
septum is indicated by the open-headed 
arrows (>). (c) Three-dimensional projection 
from the right ventricle where the prolapsing 
right coronary cusp can be visualized from 
the right ventricular aspect. The margins of 
the ventricular septal defect are indicated by 
the asterisks (*). This type of projection is 
not achievable by 2D techniques and mirrors 
the view of the surgeon during repair. LA, left 
atrium; LCC, left coronary cusp; LV, left 
ventricle; N, noncoronary cusp; RA, right 
atrium; RCC, right coronary cusp; RVOT, 
right ventricular outflow tract. 



aortic valve leaflet and distally by the sinotubular ridge [74]. 
Aneurysms of the sinus of Valsalva may occur in isolation or 
in association with other cardiac lesions such as a ventricu¬ 
lar septal defect, subaortic stenosis, tetralogy of Fallot, or aor¬ 
tic valve abnormalities [75]. The aneurysm may originate from 
any one of the sinuses and the site of rupture may vary. Fig¬ 
ure 19.25 shows a case where the aneurysm originated from 
the noncoronary sinus and ruptured to the right atrium (Video 
19.17). Most cases affect the right coronary sinus, with the most 
frequent site of rupture being into the right ventricle (Figure 
19.26) [76]. Three-dimensional echocardiography can project 
the abnormality to illustrate the aortic valve morphology and 
site of rupture in a single projection (Figure 19.27; Video 19.18). 
Although such aneurysms may occur in the context of congen¬ 
ital heart disease, they may also occur in other conditions that 
weaken the wall of the aortic root, such as Marfan syndrome, 
syphilis, Behqet disease, endocarditis, and trauma [75,76] . Pre¬ 
sentation is most commonly with shortness of breath during 
exercise, but chest pain, congestive cardiac failure, syncope, and 
an asymptomatic cardiac murmur are all recognized modes of 
presentation [75,76]. 

An aneurysm of the sinus of Valsalva may lead to aortic valve 
regurgitation, causing volume loading of the left ventricle. This 
may be asymptomatic while left ventricular function is main¬ 
tained, but with increased volume loading symptoms such as 


exercise limitation and dyspnea may become more prominent. 
As mentioned earlier, the most frequent site of rupture of a sinus 
of Valsalva is from the right coronary cusp to the right ventricle 
[76]. This leads to a combination of regurgitation through the 
sinus and a left-to-right shunt as the blood flows from the sys¬ 
temic arterial circulation to the right ventricle and hence to the 
pulmonary circulation. In this clinical situation, symptoms of 
congestive heart failure are more pronounced, and urgent repair 
is indicated. 


Imaging 

Sinus of Valsalva aneurysm occurs mainly in older children and 
adults. The aims of the echocardiographic study are to deter¬ 
mine which sinus of Valsalva and aortic valve leaflet are affected 
and, if ruptured, to determine the site of rupture. The most com¬ 
mon site of rupture is from the right coronary cusp to the right 
ventricle, followed in incidence by rupture of either the right or 
noncoronary cusp to the right atrium. The noncoronary cusp 
occasionally ruptures, but involvement of the left coronary cusp 
is rare. Associated findings include aortic valve regurgitation in 
almost half of patients, and around one-third of patients have an 
associated ventricular septal defect. Other associated anomalies 
include Marfan-like habitus, bicuspid aortic valve, coarctation of 
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the aorta, tetralogy of Fallot, mitral valve regurgitation, tricus¬ 
pid valve regurgitation, Ebstein anomaly, and atrial septal defect 
[76,77]. 

In patients with suboptimal transthoracic acoustic windows, 
TEE provides excellent imaging of the aortic root to define the 
anatomy of the affected sinus of Valsalva and to determine where 
the ruptured sinus is draining. In a minority of cases, other tech¬ 
niques such as cardiac catheterization maybe necessary to delin¬ 
eate the aneurysm, but MRI is proving increasingly helpful [77, 
78]. Intraoperative TEE is helpful to confirm adequacy of sur¬ 
gical repair or to guide selected catheter intervention for device 
closure in selected cases [79,80] (Figure 19.28; Video 19.19). 

Aortico-left ventricular tunnel 

Morphology 

Aortico-left ventricular tunnel is a rare congenital lesion 
characterized by an abnormal communication between the 


Figure 19.25 Sinus of Valsalva aneurysm from 
noncoronary sinus to right atrium, (a) 
Transesophageal echocardiogram demonstrating 
the classic “windsock” appearance of a sinus of 
Valsalva aneurysm originating from the 
noncoronary cusp and entering the right atrium, 
(b) This dual projection image clearly shows the 
aneurysm of the sinus of Valsalva originating 
from the noncoronary sinus. The aneurysm has 
ruptured into the right atrium. LA, left atrium; 
LCC, left coronary cusp of the aortic valve; NCC, 
noncoronary cusp; RA, right atrium; RCC, right 
coronary cusp; SOVA, sinus of Valsalva 
aneurysm. 

ascending aorta, at or above the level of the sinotubular junc¬ 
tion, and the left ventricle [81]. The aortic origin of the tun¬ 
nel is usually located above the right coronary ostium. The 
tunnel then passes in the tissue plane between the aorta and 
the posterior aspect of the subpulmonary infundibulum. The 
ventricular end of the tunnel occupies the same area as the 
fibrous triangle between the right and noncoronary leaflets of 
the aortic valve [82,83]. An aortico-left ventricular tunnel per¬ 
mits systemic arterial blood from the ascending aorta to regur¬ 
gitate back into the left ventricle via the tunnel (Figures 19.29 
and 19.30). This has an identical physiologic effect to that of 
severe aortic valve regurgitation with volume loading and poten¬ 
tial dysfunction of the left ventricle. Aortico-ventricular tunnels 
are thought to represent a developmental abnormality, having 
been described during fetal life [84,85]. The outcome for cases 
diagnosed early in fetal and neonatal life is guarded because of 
the effects on left ventricular function, but successful surgery has 
been reported [86]. 
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Figure 19.26 (Left) Sinus of Valsalva aneurysm from right coronary sinus 
to right ventricular outflow tract. There is a “windsock” of the sinus of 
Valsalva aneurysm extending into the right ventricular outflow tract. This 
is the most common site of origin and rupture of such aneurysms. LA, left 
atrium; LCC, left coronary cusp; NCC, noncoronary cusp; RCC, right 
coronary cusp; RV, right ventricle; SOVA, sinus of Valsalva aneurysm; TV, 
tricuspid valve. 



Figure 19.27 Three-dimensional echocardiogram of an aneurysm of the 
sinus of Valsalva of the right coronary cusp which has ruptured into the 
right atrium. There is a classic “windsock” appearance in this example. L, 
left coronary cusp; N, noncoronary cusp; R, right coronary cusp; RA, right 
atrium; RV, right ventricle; SOV, sinus of Valsalva. 





(b) 


Figure 19.29 Aortico-left ventricular tunnel, (a) Foreshortened apical view 
of an aortico-left ventricular tunnel in an infant in whom the lesion was 
identified prenatally. The course of the tunnel is shown by the asterisks, (b) 
Color flow Doppler mapping demonstrates the course of the tunnel and the 
free regurgitation of blood from the ascending aorta to the left ventricle. 
The asterisks (*) mark the course of the tunnel on the cross-sectional 
image. The arrowheads (< and >) mark the color flow jet through the 
tunnel. Ao, aorta; AoV, aortic valve; LV, left ventricle; RV, right ventricle. 


Figure 19.28 Three-dimensional echocardiography can be utilized to guide 
device closure of a ruptured sinus of Valsalva aneurysm. This example 
shows a catheter passing from the aorta to the right ventricle through a 
ruptured sinus of Valsalva. RV, right ventricle; SOV, sinus of Valsalva. 
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Figure 19.30 Aortico-left ventricular tunnel, long-axis views from the 
same infant as depicted in Fig. 19.29. (a) The tunnel can be seen to take a 
tortuous route from the aorta to the left ventricle, (b) Color flow Doppler 
mapping of the aortico-left ventricular tunnel with a broad jet passing 
from the aorta into the left ventricle; this has a hemodynamic effect 
analogous to that of severe aortic valve regurgitation. The asterisks (*) 
mark the course of the tunnel on the cross-sectional image. The 
arrowheads (< and >) mark the color flow jet through the tunnel. Ao, 
aorta; LV, left ventricle; RV, right ventricle. 



(b) 

Figure 19.31 (a) False tendon in the left ventricle of an asymptomatic 
child, (b) Transesophageal echocardiogram of a child with two false 
tendons. This child had a ventricular septal defect and aortic regurgitation, 
which prompted the examination. LV, left ventricle; RV, right ventricle. 

Imaging 

The aims of echocardiographic evaluation of aortico-left ven¬ 
tricular tunnel are to delineate the anatomy of the tunnel and 
to assess the effect of severe volume loading on the left ventri¬ 
cle in terms of its size and contractile function. The aortic ori¬ 
gin, the course, and the left ventricular exit site of the tunnel can 
be imaged from the parasternal window through a combination 
of long- and short-axis views. Color Doppler flow mapping is 
particularly helpful to delineate the tunnel, which is character¬ 
ized by antegrade flow from the left ventricle to the ascending 
aorta during systole and retrograde flow through the tunnel dur¬ 
ing diastole. Spectral Doppler is helpful to determine the direc¬ 
tion and timing of the to-and-from flow through the tunnel [87]. 
In contrast to aortic regurgitation, the flow from the ascending 
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aorta to the left ventricle during diastole does not cross the aor¬ 
tic valve. A fistula between the right coronary artery and the left 
ventricle is excluded based on imaging of an uninvolved proxi¬ 
mal right coronary artery 

False tendons 

False tendons are occasionally observed within the cavity of the 
left ventricle and may run transversely or obliquely from the 
interventricular septum to the free wall (Figure 19.3la,b). These 
relatively thin muscle bundles have been implicated in the cau¬ 
sation of the innocent vibratory murmur prevalent during child¬ 
hood, although recent data suggest that they are no more preva¬ 
lent in children with murmurs than in a control group without 
murmurs [88]. Pathologic examination has confirmed that such 
“tendons” may involve the conduction system [89]. The possibil¬ 
ity of a link to ventricular extrasystoles [90] and an association 
with ventricular tachycardia in a subgroup of patients has been 
suggested [91,92]. 
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Videos 

To access the videos for this chapter, please go to www.lai 
-echo.com. 

Video 19.1 Subaortic stenosis. Transesophageal echocardiogram of 
membranous subaortic stenosis. The fluttering of the aortic valve 
leaflets is clearly demonstrated. 

Video 19.2 Subaortic stenosis. Transesophageal echocardiogram of 
the left ventricular outflow tract demonstrating subaortic stenosis. 
Note that the obstructive subaortic ridge extends onto the anterior 
leaflet of the mitral valve. 

Video 19.3 Subaortic stenosis. “Tunnel”-type of subaortic stenosis 
in an infant. There is a long segment of narrowing of the left ven¬ 
tricular outflow tract, which contrasts with the more discrete forms 
of obstruction illustrated in Videos 19.1 and 19.2. 

Video 19.4 Three-dimensional echocardiogram demonstrating an 
en face view of circumferential subaortic obstruction viewed from 
the left ventricle. The mitral valve is seen to open and close in the 
near field and the gray-blue membrane is seen in the far field. 

Video 19.5 Parasternal long-axis three-dimensional echocardio¬ 
gram of subaortic stenosis which has developed following repair of 
an atrioventricular septal defect. 


Video 19.6 Three-dimensional echocardiogram of a bicuspid aor¬ 
tic valve viewed from the aortic side. In this example the aortic valve 
leaflets flutter due to coexisting subaortic stenosis. The aortic valve 
leaflets are thin and the subaortic stenosis can be visualized through 
the aortic valve. 

Video 19.7 Aortic valve stenosis. There is an eccentric color flow 
jet across the stenotic aortic valve. Use of color flow mapping assists 
in Doppler interrogation of the blood flow velocity. 

Video 19.8 Three-dimensional transesophageal echocardiogram 
of an abnormal aortic valve. This patient had undergone previous 
balloon dilatation of the aortic valve. 

Video 19.9 Neonatal aortic valve stenosis. This infant has severe 
aortic valve stenosis with an underdeveloped mitral valve and left 
ventricle. The right ventricle forms the cardiac apex. Subnormal 
growth of left heart structures is a frequent accompaniment of aortic 
valve stenosis during fetal life. 

Video 19.10 Neonatal aortic valve stenosis. This infant has a 
hypoplastic left ventricle with severe endocardial fibroelastosis 
affecting the entire left ventricle. 

Video 19.11 Fetal aortic valve stenosis. The left ventricle is severely 
dilated and poorly contractile. Right ventricular contractile function 
is well preserved. 

Video 19.12 Parasternal long-axis view of supravalvar aortic steno¬ 
sis. The thickening of the aortic wall at the level of the sinotubular 
junction and the narrowing at this level can be seen. 

Video 19.13 Parasternal long-axis view demonstrating prolapse of 
the right coronary leaflet into a perimembranous ventricular septal 
defect. Note that the “belly” of the right coronary leaflet is abnor¬ 
mally aligned to the crest of the ventricular septum. 

Video 19.14 Multiplanar reformatted three-dimensional echocar¬ 
diography demonstrating prolapse of the right coronary leaflet. 
Note that placing the intersection of the red, green, and blue planes 
can assist in accurate diagnosis of the prolapsing leaflet (upper left 
and upper right panes). The rendered view of the prolapsing leaflet 
is shown in the lower right pane. 

Video 19.15 Three-dimensional TEE-rendered video of right coro¬ 
nary cusp prolapse into a restrictive perimembranous ventricular 
septal defect. The depth of the leaflet can be appreciated. Acquisi¬ 
tion at a TEE angle of 120 degrees provides optimal visualization of 
this lesion. 

Video 19.16 Three-dimensional (3D) TEE view of right coronary 
cusp prolapse into a perimembranous ventricular septal defect. This 
is a uniquely 3D view produced by cropping away the right ventric¬ 
ular free wall looking en face at the ventricular septum. The motion 
of the cusp into the defect can be readily visualized. 

Video 19.17 Aneurysm of the sinus of Valsalva. This is a short-axis 
view of the aortic valve obtained by transesophageal echocardiog¬ 
raphy. There is a classic “windsock” appearance of the aneurysm, 
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which arises from the noncoronary cusp and has ruptured into the 
right atrium. 

Video 19.18 Rendered three-dimensional TEE view of the aortic 
valve, tricuspid valve and right ventricular outflow tract. The depth 
of field means that the ruptured right coronary sinus of Valsalva into 
the right atrium can be seen in a single projection. 

Video 19.19 Rendered three-dimensional echo car diographic view 
of a catheter through a ruptured sinus of Valsalva. In this case, the 
right coronary sinus has ruptured into the right ventricular outflow 
tract. 
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CHAPTER 20 

Hypoplastic Left Heart Syndrome 
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Definition 

Hyp°pl as tic left heart syndrome (HLHS) describes a collection 
of heterogeneous congenital heart anomalies in which the left 
ventricle (LV), by virtue of structural abnormalities, is incapable 
of providing adequate systemic perfusion. HLHS may include 
abnormalities such as mitral stenosis or atresia, LV hypoplasia, 
aortic valve stenosis or atresia, and ascending aortic hypoplasia 
(Figure 20.1; Video 20.1). The syndrome was first reported by 
Lev in 1952, and the term HLHS was first described by Noonan 
and Nadas [1,2]. It is one of the most severe forms of congenital 
anomalies and accounts for 20-25% of all mortality in infants 
born with congenital heart disease. 


Incidence and associated anomalies 

The incidence of HLHS is 266 per 1 million live births; hence 
approximately 2000 affected infants are born each year in the 
United States [3]. The prevalence of HLHS in the population 
ranges from 0.02% to 0.08%, but continues to increase as the 
accuracy of diagnosis and successful management strategies are 
increasing survival. 

Autopsy series in patients with HLHS have described a preva¬ 
lence of extracardiac anomalies or genetic/chromosomal syn¬ 
dromes of up to 28% [4]. In particular, Turner syndrome 
(XO) has been well described in association with HLHS and 
should be investigated in every female infant with this form of 
heart disease [5]. Other syndromes reported in association with 
HLHS include Smith-Lemli-Opitz, Holt-Oram, and Jacobsen. 
As genetic testing becomes more refined, it is likely that addi¬ 
tional genetic influences will be identified. 

Much attention has been focused on the relationship between 
the central nervous system and HLHS. Congenital brain anoma¬ 
lies that have been identified in association with HLHS include 
agenesis of the corpus callosum, holoprosencephaly and more 


subtle findings including abnormal appearance of the cortical 
mantle on autopsy examination [6]. Magnetic resonance imag¬ 
ing (MRI) of the brain in hemodynamically stable infants 
with HLHS prior to surgery demonstrates a high frequency of 
periventricular leukomalacia and an overall immature appear¬ 
ance to the brain [7,8]. The exact relationship between HLHS 
and these findings is unclear, but they may be a consequence of 
altered prenatal blood flow patterns inherent in HLHS or they 
may occur simply as an associated congenital malformation. 


Etiology 

The precise cause of HLHS is unknown. Because the disease 
phenotype is heterogeneous, there are probably a variety of dif¬ 
ferent developmental origins. Altered flow into the develop¬ 
ing LV due to mitral or aortic valve stenosis and/or hypopla¬ 
sia has been implicated as one explanation. Aortic stenosis with 
an initially dilated LV has been observed during fetal life to 
evolve into postnatal HLHS, presumably through the process of 
decreased transventricular blood flow and arrest of LV devel¬ 
opment [9]. Another hypothesis proposes that abnormalities of 
the atrial septum limit right-to-left flow early in gestation lead¬ 
ing to reduced filling of the LV and resultant hypoplasia. Intrin¬ 
sic abnormality of LV myocardial development may be another 
mechanism of HLHS. 

Although the disease etiology is likely multifactorial, HLHS 
is clearly a heritable disorder with a strong genetic influence. 
Mutations associated with HLHS have been reported in the 
genes NKX2-5 , connexin 43, and NOTCH 1 [10-12]. Studies 
have shown that anywhere from 5-19% of first-degree relatives 
of infants with HLHS also have congenital heart defects, with the 
dominant lesion being left-sided obstruction (bicuspid aortic 
valve or coarctation of the aorta) [13,14]. More recent research 
efforts have focused on family-based linkage analysis in order to 
identify loci harboring HLHS-causing genes [15]. 
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Figure 20.1 An apical 4-chamber view of hypoplastic left heart syndrome 
(HLHS). The left-sided structures are small and incapable of contributing 
to systemic output. LA, left atrium; LV, left ventricle; RA, right atrium; RV, 
right ventricle. 

Morphology and classification 
Types 

Hypoplastic left heart syndrome can be roughly divided into the 
following major anatomic groups based on the size and func¬ 
tionality of the mitral and aortic valves. 

1 mitral and aortic stenosis 

2 mitral stenosis and aortic atresia 

3 mitral and aortic atresia. 

While there is no definite difference in terms of outcomes among 
the subtypes, some centers have reported that the mitral steno¬ 
sis and aortic atresia subtype is at an increased risk of mortality. 
It is in this group that coronary cameral fistulae are sometimes 
observed and some have felt that these fistulae are a risk factor 
for coronary ischemia and subsequent ventricular dysfunction 
or acute arrhythmia leading to hypoperfusion and/or sudden 
cardiac arrest. 

Anatomy 

Systemic veins 

In HLHS the right superior vena cava (RSVC) and the inferior 
vena cava (IVC) return to the right atrium normally. A review of 
pathology specimens with HLHS found that 5% had a left supe¬ 
rior vena cava (LSVC) [16]. In the initial surgical management 
of HLHS, the presence of an LSVC can alter the technique of 
placement on cardiopulmonary bypass. In the second stage of 
palliation, the presence of a LSVC without a left innominate vein 


requires anastomosis of the LSVC to the left pulmonary artery. 
In the presence of a bridging left innominate vein, the LSVC may 
be ligated. 

Right atrium 

The right atrium is generally unaffected in HLHS, although it 
may be dilated to accommodate both systemic and pulmonary 
blood flows. 

Left atrium 

In patients with HLHS the left atrium is often small. However, 
if there is any restriction to flow across the atrial septum, the 
left atrium may become hypertensive and distended. Often, the 
finger-like left atrial appendage is easily visualized because of 
this distention. This finding may help to identify patients who 
are at high risk of early morbidity and mortality and would ben¬ 
efit from fetal or early postnatal intervention. 

Atrial septum 

Abnormalities of the atrial septum are common in HLHS and 
may include primum and secundum atrial septal defects or 
abnormal position and attachment of septum primum to the 
atrial wall [17,18] (Figure 20.2). However, it is those patients 
with an intact atrial septum (6% of all cases between 1990 and 
1997 at our institution) who are at greatest risk of a poor outcome 
[19]. In a cohort review of 38 patients with a very restrictive or 
intact atrial septum, there was only a 68% 30-day survival. Sur¬ 
vival decreased to 38% in those with a completely intact atrial 
septum and inadequate decompression [20], well below the sur¬ 
vival numbers for HLHS as a whole. 

Pulmonary veins 

The entry of the pulmonary veins into the left atrium is an 
important part of the overall characterization of HLHS and 
important for the purpose of surgical planning. Even when the 
veins seem to enter the left atrium normally, care should be 
taken to distinguish anomalous pulmonary venous drainage 
from anomalous pulmonary venous connection [21]. If the pul¬ 
monary veins enter the left atrium but there is a decompressing 
vein, this indicates anomalous drainage in the setting of normal 
venous connection. The decompressing vein, or “levoatriocar¬ 
dinal vein,” is thought to be a remnant of the cardinal venous 
system that persists in the face of increased left atrial pressure 
[22,23]. This vein is distinct from a LSVC, which can be seen 
as a separate structure even in the presence of a decompressing 
vein [22]. 

Mitral valve and left ventricle 

The mitral valve in HLHS may be stenotic or atretic. This dif¬ 
ference is important for a variety of reasons. Lirst, the presence 
of a patent mitral valve implies the presence of an associated 
LV cavity. Such a cavity will be limited in its contribution to 
systemic perfusion, will contract poorly, may have endocardial 
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Figure 20.2 Subcostal view demonstrating 
posterior deviation of septum primum 
(arrow). LA, left atrium. 



fibroelastosis, will exist under high, perhaps suprasystemic pres¬ 
sure, and may adversely influence RV mechanics [24]. Second, 
investigators have reported on the possibility of an increased risk 
of mortality in patients falling within the HLHS subcategory of 
mitral stenosis, aortic atresia, particularly in those patients with 
left ventricular-coronary connections [25-27]. 

Tricuspid valve and right ventricle 

Morphologic abnormalities of the tricuspid valve are relatively 
common in HLHS and may play an important role in short- 
and long-term survival [28-30]. However, some studies have 
not shown that tricuspid regurgitation (TR) is necessarily a risk 
factor [28,31,32]. In patients with HLHS, 7-12% may have a 
bileaflet tricuspid valve, and 35% may have significant tricuspid 
valve dysplasia (Figure 20.3; Videos 20.2 and 20.3) [16,33]. In 
patients with severely dysplastic and regurgitant tricuspid valves, 
a primary transplant strategy may be considered as an alterna¬ 
tive to a high-risk staged reconstruction [34,35]. It is impor¬ 
tant to keep in mind that in the unoperated, neonatal state 
and following initial first-stage palliation there is a volume load 
on the RV as it supports both systemic and pulmonary blood 
flows. Such volume load may alter annular dimensions leading 
to incomplete leaflet coaptation. This, in combination with the 
anatomic variability of the tricuspid valve in HLHS, may influ¬ 
ence the degree of regurgitation. However, when the volume load 
on the RV is reduced after the superior cavopulmonary anas¬ 
tomosis and Fontan completion operations, TR may improve 
[36-38]. RV dysfunction is sometimes noted in association with 
the volume-loaded state after Stage 1. While the TR may improve 
as a result of improved coaptation of the valve, RV function may 
also improve after superior cavopulmonary anastomosis, possi¬ 
bly related to diminished wall stress from the reduction of the 
volume load [39]. 


Aorta, coronary arteries, and ductus arteriosus 

In HLHS a patent ductus arteriosus (PDA) is necessary for 
survival. In the fetus with HLHS, the PDA is the predomi¬ 
nant avenue for systemic flow, and the ductal arch consequently 
develops with a continuous, smooth transition into the descend¬ 
ing aorta. 

The ascending aorta in HLHS varies in size and is related 
to the degree of antegrade flow. In cases of aortic atresia, the 
ascending aorta may be markedly hypoplastic (diameter 1- 
2 mm) and may serve as a “common coronary artery” carry¬ 
ing blood in a retrograde manner from the PDA to the aortic 
root and into the left and right coronary arteries (Figure 20.4; 
Video 20.4). In cases of aortic stenosis, the ascending aorta may 
be larger depending on the ratio of antegrade flow from the LV to 
retrograde flow from the PDA. The transverse aortic arch often 
exhibits varying degrees of hypoplasia and elongation. 

Coarctation of the aorta is common in HLHS [40]. Presum¬ 
ably this is related to flow dynamics as blood leaves the PDA 
and splits to supply the aortic arch and the descending aorta. 
This “branch-point” is often the site of coarctation. Histologic 
studies have demonstrated ductal tissue in the juxtaductal area, 
tissue that may play a role in coarctation [41]. The extreme form 
of coarctation, interrupted aortic arch, has also been reported 
in HLHS [42]. In such cases, coronary perfusion and survival 
depend on sufficient antegrade flow across the aortic valve. 

The descending aorta beyond the ductal arch is generally of 
normal caliber as it carries the normal systemic output to the 
lower half of the body. 

The coronary arteries in HLHS typically have normal ostia, 
arise normally from the aortic root, and follow a normal course 
[43]. However, cases of anomalous origin of a coronary artery 
from the main and the right pulmonary arteries have been 
reported [44,45]. In the subset of HLHS characterized by mitral 
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Figure 20.3 The effective orifice of this tricuspid valve is displaced into the right ventricle, (a) The displacement from a subcostal frontal view, (b) An 
apical 4-chamber view showing abnormal chordal attachment of the septal leaflet “tethering” the leaflet to the ventricular septum and limiting excursion, 
(c) Severe tricuspid regurgitation due to the abnormal tricuspid valve. LA, left atrium; RA, right atrium; RV, right ventricle; TV, tricuspid valve. 
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Figure 20.4 Markedly hypoplastic ascending aorta in a newborn with 
aortic atresia. This vessel carries blood retrogradely from the aortic arch to 
the coronary arteries. 


stenosis and aortic atresia, patients may be at risk of fistulous 
connections, with or without stenoses, from the left ventricle to 
the coronary arteries. These may place them at higher risk for 
morbidity and mortality than the HLHS population as a whole 
[25,46]. 


Pathophysiology 

Infants with HLHS typically manifest tachypnea and cyanosis 
at birth. Peripheral pulses may be weak, with cool extremities 
due to poor perfusion. Chest radiograph will usually reveal a 
large heart with increased pulmonary vascular markings. Post¬ 
natal survival depends upon patency of the PDA, which sup¬ 
plies the systemic circulation. Once the PDA begins to con¬ 
strict, blood supply to the body decreases and an increasing 
amount of blood is driven into the pulmonary circulation, result¬ 
ing in improved oxygenation but at the cost of hypotension and 
circulatory shock. When HLHS is identified, prostaglandin E x 
infusion should be initiated immediately in order to maintain 
patency of the PDA. Increasingly, prenatal diagnosis of HLHS 
and prompt initiation of prostaglandin E x infusion in the deliv¬ 
ery room allows avoidance of neonatal shock as the presenting 
symptom. 

An open PDA supplies most, if not all, of the blood flow to 
the body. Depending on the anatomic type of HLHS, retrograde 
flow through the PDA into the aortic arch may also be the major 
or only source of blood supply to the upper extremities, head 
and coronary arteries (Figure 20.5; Video 20.5). Because there 
is limited or no contribution to systemic blood flow from the 
LV, flow through the PDA will be from the pulmonary artery to 



Figure 20.5 Suprasternal sagittal view demonstrating retrograde flow in 
the aortic arch from the patent ductus arteriosus. 


the aorta during systole. However, during diastole it is the ratio 
of vascular resistances between the pulmonary and systemic cir¬ 
cuits that dictates flow. With pulmonary vascular resistance nor¬ 
mally lower than systemic vascular resistance following birth, 
diastolic flow across the PDA is typically left-to-right (aorta-to- 
pulmonary artery), creating a degree of systemic steal. In condi¬ 
tions in which the pulmonary vascular resistance is abnormally 
elevated - such as in the presence of a very restrictive or intact 
atrial septum, lung parenchymal disease, persistent pulmonary 
hypertension, or lung prematurity - the left-to-right shunt in 
diastole may be minimized or completely eliminated [47]. Such 
infants will manifest severe cyanosis. Alternatively, if pulmonary 
vascular resistance is very low relative to systemic vascular resis¬ 
tance, then diastolic flow from left to right may be substantial 
resulting in a significant systemic hypoperfusion. 


Management 

The approach to palliation for HLHS is variable. Since Nor¬ 
woods initial reports of successful palliation [48], substantial 
improvements in survival have taken place. Currently, there are 
a number of strategies available for the neonate with HLHS. 

Primary cardiac transplantation is practiced at a small num¬ 
ber of institutions in the United States, with good results [49]. 
However, limited donor availability has curtailed the widespread 
use of this practice as a primary means of therapy. As out¬ 
comes following staged reconstructive surgery have continued 
to improve, many centers have reserved primary transplantation 
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Figure 20.6 Schematic representation of the “hybrid procedure.” In this 
procedure stents are placed across the atrial septum and the ductus 
arteriosus and bands are placed across the branch pulmonary arteries. LPA, 
left pulmonary artery; PDA, patent ductus arteriosus; RPA, right 
pulmonary artery Source: Galantowicz M, Cheatham JP. Lessons learned 
from the development of a new hybrid strategy for the management of 
hypoplastic left heart syndrome. Pediatric Cardiology 2005;26:190-199. 
Reproduced with kind permission of Springer Science and Business Media. 


for high-risk infants such as those with dysplasia of the tricuspid 
valve and severe regurgitation, and/or marked RV dysfunction. 

Because mortality for neonatal Norwood reconstruction 
remains relatively high in comparison with surgery for other 
forms of congenital heart disease, some investigators have 
moved toward the development of strategies that avoid a major 
surgical operation in the neonatal period. By placing a stent in 
the PDA and banding the branch pulmonary arteries, it is pos¬ 
sible to create a desirable physiologic situation in which the sin¬ 
gle RV supplies the systemic and pulmonary circulations with 
unimpeded flow to the descending aorta and in which pul¬ 
monary blood flow is limited and the pulmonary vasculature is 
protected (Figures 20.6 and 20.7; Videos 20.6-20.8) [50]. This 
“hybrid approach” involves both a cardiac catheter-driven pro¬ 
cedure and surgical technique, and achieves physiologic goals 
that are similar to the Norwood first-stage reconstruction, but 
without the performance of a challenging neonatal operation 
[51]. Ultimately, arch reconstruction takes place in conjunction 
with a superior cavopulmonary anastomosis at a later time, typ¬ 
ically at age 6 months. Although this technique is now common 
at a number of institutions, the outcome of this strategy has not 
been demonstrated to be significantly different from the more 
common surgical approaches [52]. 

While transplant and the “hybrid” approach are performed at 
some facilities, the most common palliation for HLHS contin¬ 
ues to be the stage 1 reconstruction, also known as the Norwood 
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Figure 20.7 In this example of the “hybrid procedure,” (a) the struts of the 
ductal stent can be seen as can the bands constricting the (b) right 
pulmonary artery and (c) left pulmonary artery. LPA, left pulmonary 
artery; RPA, right pulmonary artery. 
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Figure 20.8 Two common variations of the first-stage 
palliation for hypoplastic left heart syndrome, (a) 
Diagram of the Norwood procedure with a modified 
Blalock-Taussig shunt (BTS) connecting the systemic 
circulation to the pulmonary circulation, (b) Diagram of 
the Norwood procedure with the Sano modification: 
RV-to-PA conduit in place of the modified 
Blalock-Taussig shunt. Source: Gardner TJ, Spray TL 
(eds.) Operative Cardiac Surgery , 5th edn. London: 
Arnold Publishers, 2004. Reproduced with permission 
of CRC Press. 




procedure. This operation consists of an atrial septectomy, tran¬ 
section of the pulmonary artery with oversewing of the distal 
stump, construction of a neo-aorta using the incised native aorta 
augmented with a homograft patch sewn to the native proximal 
pulmonary artery, ligation of the PDA, and the establishment of 
secure pulmonary blood flow using a modified Blalock-Taussig 
(BT) shunt [48]. The Sano modification, an alternative to a BT 
shunt in which pulmonary blood flow is secured using a RV-to- 
pulmonary artery conduit, has been used by some centers with 
good success (Figure 20.8) [53-55]. In high-volume centers, the 
outcome for the Norwood procedure can be quite good with 
greater than 90% survival for standard risk patients [56]. 

A large multicenter trial was recently completed, which eval¬ 
uated the outcomes of the Norwood operation. In this Single 
Ventricle Reconstruction (SVR) Trial, infants were randomized 
to a BT shunt or a Sano modification for pulmonary blood 
flow [57] and outcomes were assessed over the first year of life. 
Initial reports from the SVR Trial demonstrated an early sur¬ 
vival advantage for the Sano modification. However, longer- 
term follow-up data suggests that the survival advantage is lost 
after one year of age as there may be mid- and long-term mor¬ 
bidities preferentially associated with the Sano. 

Imaging 

Once HLHS is suspected in the neonate, a detailed echocardio- 
graphic evaluation is undertaken, including 2D, color and spec¬ 
tral Doppler imaging. A segmental approach to analyzing this 
complex anomaly is performed in a systematic manner by the 
echocardiographer. 

Goals of the initial evaluation 

In the setting of HLHS, the initial echocardiographic evaluation 
has the following main objectives: 

• Determination of the anatomic components of the HLHS: 
left atrium, mitral valve, left ventricular cavity, aortic valve, 
ascending aorta, aortic arch, and isthmus. 

• Size of the interatrial communication and Doppler evaluation 
of flow restriction. 

• Assessment of tricuspid valve morphology and function. 


• Evaluation of RV size and function. 

• Evaluation of the pulmonary valve and right ventricular out¬ 
flow tract. 

• Evaluation of the ductus arteriosus for size and flow charac¬ 
teristics. 

• Assessment of the aorta including (ascending aorta, transverse 
arch, and aortic isthmus). 

• Imaging of the coronary arteries; note presence of LV- 
coronary fistulae. 

• Detection of associated lesions (e.g., levoatrial cardinal vein). 

Preoperative imaging 

Right atrium and systemic veins 

The right atrium is well seen from a variety of views. It is usu¬ 
ally dilated and hypertrophied due to the volume load from obli¬ 
gate prenatal left-to-right shunting. Subcostal long- and short- 
axis imaging delineates the systemic venous connections. In 
HLHS, the RSVC and the I VC typically have a normal course 
and entry into the right atrium, although an absent or under¬ 
developed Eustachian valve maybe noted [58]. Anomalous sys¬ 
temic venous return has been reported and should be explicitly 
excluded [59]. 

Persistent LSVC to coronary sinus can be reliably identified 
by echocardiography and should be ruled in or out in all cases 
of HLHS. Visualization of a dilated coronary sinus from the 
subcostal, apical, and parasternal windows provides a clue that 
a LSVC is present. In the suprasternal view, the LSVC can be 
directly visualized and should course from superior to inferior, 
anterior to the left pulmonary artery. A LSVC should be distin¬ 
guished from other venous structures such as a persistent levoa¬ 
trial cardinal vein, which is a more posterior venous structure. 
Doppler interrogation demonstrating a low-velocity venous flow 
pattern confirms the presence of the LSVC and distinguishes it 
from other structures in the general vicinity, such as a branch 
pulmonary artery or the left atrial appendage. Whereas flow 
through a LSVC usually drains into the right atrium via the coro¬ 
nary sinus, there have been reports of coronary sinus ostial atre¬ 
sia with coronary venous decompression and retrograde flow 
through a LSVC to the innominate vein [60,61]. The direction 
of flow through the LSVC can be confirmed using color and PW 
Doppler. If a cephalad direction of blood flow is noted through 
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a LSVC, then further investigation of the nature of the coronary 
venous drainage should be undertaken as any manipulation of 
the LSVC in this circumstance could deleteriously impact coro¬ 
nary perfusion. 

Atrial septum 

A rapid and accurate assessment of the atrial septum is crucial 
for decision making about disposition in the immediate post¬ 
natal period. The specific anatomy of the atrial septum can be 
quickly and accurately diagnosed from subcostal imaging, par¬ 
ticularly from long-axis, short-axis and in-between views. Accel¬ 
eration across the atrial septum can be seen using color or PW 
Doppler (Figure 20.9). 


Levoatrial cardinal vein and other decompressing 
veins 

The presence of a decompressing vein can be confirmed using 
color Doppler from the subcostal and suprasternal views, 
although other views may also be helpful to trace the entire 
course and anatomy of the vein. A levoatrial cardinal vein usu¬ 
ally connects the left upper pulmonary vein to the left innom¬ 
inate vein, but other decompressing veins entering the RSVC, 
the IVC, or the azygous vein can be found. In the setting of a 
decompressing vein, obstruction may be seen anywhere along 
the course of the vein, hence a full view of its connection from 
the left atrium to the insertion into the systemic vein is impor¬ 
tant. A decompressing vein can be difficult to distinguish from 
the pulmonary arteries and other vascular structures coursing 



Figure 20.9 Restrictive atrial septum in hypoplastic left heart syndrome, (a) Two-dimensional image from the subcostal view profiling a 2-mm atrial 
communication, (b) The flow jet from the left atrium (LA) to the right atrium (RA) is profiled. The jet is aliased and splays out on the back wall of the right 
atrium, (c) Continuous-wave Doppler interrogation across the atrial communication. The velocity remains elevated throughout the cardiac cycle without 
the normal return to baseline. 
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in the region above the heart but may be identified by the low- 
velocity continuous flow pattern seen by color or CW Doppler. 

Pulmonary veins 

The connections and drainage of all pulmonary veins must be 
visualized by 2D and color Doppler. Although the pulmonary 
veins can be seen from subcostal imaging, they are more reli¬ 
ably seen with color Doppler from the suprasternal frontal view. 
Spectral Doppler is important to assess for pulmonary vein 
stenosis, which manifests as high-velocity turbulent flow with 
diminished or absent phasic variations. 

Mitral valve and left ventricle 

The mitral valve is evaluated for patency (stenosis versus atresia) 
and morphology. The dimensions of the mitral valve are mea¬ 
sured in both the apical 4-chamber view (lateral diameter) and 
the parasternal long-axis view (antero-posterior diameter). The 
inflow pattern into the LV and the degree of mitral regurgitation 
should be documented using color and PW Doppler. The pres¬ 
ence of inflow into the LV, without evidence for mitral regurgi¬ 
tation, should alert the echocardiographer to the likelihood of 
ventriculo-coronary connections as a means for decompressing 
the LV when there is aortic atresia. Color Doppler interrogation 
of the LV free wall, apex, and septum with a low Nyquist limit is 
performed in search of such connections. 

Examination of the LV itself is best accomplished from the 
apical 4-chamber view, but imaging from the subxiphoid and 
parasternal windows is complementary. The presence of an 
echo-bright endocardium, which may represent endocardial 
fibroelastosis, should be noted. Rarely, the LV may contain cal¬ 
cifications, although these are not usually of hemodynamic sig¬ 
nificance. 

Tricuspid valve and right ventricle 

The tricuspid valve is imaged from multiple views and angles. 
The subcostal oblique view demonstrates the tricuspid valve 
inflow and the pulmonary outflow in one plane. The apical 
4-chamber and parasternal long-axis views are optimal for 
showing the morphology of the tricuspid valve and the subval¬ 
var apparatus. Leaflet displacement and abnormal chordal or 
papillary attachments can be well seen from the apical view. 
It is important to identify and to quantify TR. This is best 
done from apical 4-chamber and parasternal windows using 
color Doppler interrogation. Three-dimensional echocardiogra¬ 
phy (3D) is emerging as a newer tool to evaluate the tricuspid 
valve morphology and may be particularly helpful in identify¬ 
ing the mechanism of regurgitation [62]. 

Aorta and ductus arteriosus 

The aortic and ductal arches are well seen from suprasternal 
oblique sagittal imaging, and the ascending aorta by itself maybe 
seen from parasternal long-axis views. The presence or absence 
of flow across the aortic valve can be seen by color Doppler 



Figure 20.10 Ductal view from the high parasternal window. This view 
delineates the branch pulmonary arteries as well as the course of the patent 
ductus arteriosus (PDA) from the main pulmonary artery to the aorta. Ao, 
aorta; LPA, left pulmonary artery; RPA, right pulmonary artery. 

interrogation in parasternal long- and short-axis views as well 
as the apical and high right parasternal views. 

The full extent of the PDA is best evaluated from a high 
parasternal sagittal view. In the ideal “ductal view,” the origin of 
both the right and left pulmonary arteries can be seen along with 
the insertion of the PDA (Figure 20.10; Videos 20.9 and 20.10). 
With very slight manipulations of the tail of the transducer, it is 
usually possible to see the full course of the ductus from the pul¬ 
monary artery to its insertion into the aorta. In HLHS, the PDA 
can be quite large and describes a smooth, curved trajectory with 
easy transition into the descending aorta. With the probe in the 
suprasternal sagittal position a similar image can be obtained 
and the ductal and aortic arches can be compared with mild 
left-right tilting. The aortic arch frequently has a more acute 
curve than normal and frequently appears as a “branch” off the 
larger ductal arch. The direction of flow in the ductus arteriosus 
is determined with color and PW Doppler from the supraster¬ 
nal or high left subclavicular sagittal views. Doppler sampling 
in the distal aspect of the aortic arch and aortic isthmus reveals 
the retrograde nature of the flow in systole up into the trans¬ 
verse aortic arch, with antegrade forward steal into the PDA and 
pulmonary vascular bed in diastole (Figure 20.11). Placement of 
the Doppler cursor in the descending aorta distal to the PDA 
will reveal a flow pattern similar to that seen in the ductus arte¬ 
riosus itself with antegrade flow in systole, and retrograde flow 
in diastole. 

Coronary arteries 

The coronary arteries arise from the small aortic root, and typ¬ 
ically have a normal distribution. Their origins and course are 
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Figure 20.11 Doppler evaluation of the ductus arteriosus from a high parasternal position, (a) Color Doppler flow mapping in systole demonstrating flow 
from the main pulmonary artery to the aorta, (b) In diastole, flow across the duct is retrograde from the aorta to the main pulmonary artery, (c) Spectral 
Doppler demonstrating right-to-left flow during systole and left-to-right flow in diastole. The laminar pattern indicates no obstruction to flow. Ao, aorta; 
LPA, left pulmonary artery; PDA, patent ductus arteriosus; RPA, right pulmonary artery. 


best visualized in the parasternal short-axis view, with focus on 
the region of the aorta just above the level of the aortic valve. 
The right coronary artery may be more prominent than the left 
as it perfuses the systemic, dominant ventricle; however, if there 
are significant coronary-to-left ventricle fistulous connections, 
then the left coronary artery may appear enlarged. The right and 
left coronary artery distribution can also be appreciated from a 


modified apical view angled anteriorly and superiorly toward the 
outflow tract. 

Prenatal assessment 

Hypoplastic left heart syndrome is readily diagnosed in the fetus 
and is one of the most frequently detected forms of congeni¬ 
tal heart disease prior to birth. It can be easily identified by the 
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Figure 20.12 A 4-chamber view of a fetus with hypoplastic left heart 
syndrome (HLHS) and a restrictive atrial septum. The atrial septum bulges 
toward the right atrium and the pulmonary veins are noticeably dilated. 

LA, left atrium; PV, pulmonary valve; RA, right atrium; RV, right ventricle. 

abnormal chamber morphology at the time of screening prena¬ 
tal ultrasound. A detailed fetal echo car diographic examination 
delineates the anatomic details of HLHS, including the morphol¬ 
ogy of the left heart structures and associated cardiovascular 
anomalies. Because of the association with extracardiac anoma¬ 
lies and various syndromes, it is advisable for all fetuses with 
HLHS to have careful obstetrical ultrasound evaluation for other 
defects and amniocentesis for genetic/chromosomal abnormal¬ 
ities. 

Blood flow patterns in the fetus with HLHS are different than 
normal. In HLHS the systemic and umbilical venous returns 
undergo mixing in the right atrium due to the hypoplastic left 





(a) 


heart structures. The pulmonary venous return to the left atrium 
must traverse the atrial septum and drain to the right atrium. 
The presence of such a left-to-right atrial-level shunt is an 
important parameter, which defines the inadequacy of the left¬ 
sided structures. In addition to defining the direction of flow, the 
size of the interatrial communication is important. Patency of 
the interatrial communication is critical for normal lung devel¬ 
opment. A restrictive or intact atrial septum impairs pulmonary 
venous drainage and impacts pulmonary vascular development. 
Without an open atrial communication, blood returning from 
the lungs has no egress from the left atrium causing increased 
left atrial pressure. This increased pressure is transmitted back to 
the pulmonary vasculature, leading to pulmonary vein dilation 
and smooth muscle proliferation in the walls of the pulmonary 
veins (Figures 20.12 and 20.13; Videos 20.11 and 20.12) [19,63]. 
In some cases, severe restriction to atrial flow necessitates post¬ 
natal catheter-based intervention or open surgical septectomy 
to relieve left atrial obstruction [64,65] (Figure 20.14; Videos 
20.13 and 20.14). In these cases, prenatal identification of atrial- 
level restriction and immediate postnatal access to the cardiac 
catheterization laboratory or the operating room are essential. 

The magnitude of atrial-level restriction is assessed by direct 
inspection of the atrial septum on 2D imaging as well as by color 
Doppler flow mapping. An apparently small interatrial commu¬ 
nication should raise suspicion of a restrictive septum, even in 
the absence of increased flow velocity. Although of no imme¬ 
diate clinical consequences in utero, a restrictive or intact atrial 
septum complicates the postnatal course. Pulsed Doppler inter¬ 
rogation of the pulmonary veins is important for assessing the 
degree of restriction to left atrial egress and should be performed 
in every fetus with HLHS (Figure 20.15) [66,67]. The greater the 
degree of reversal of pulmonary venous flow with atrial con¬ 
traction, the greater is the degree of impediment to left atrial 
egress. The magnitude of flow reversal relates to the severity 
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Figure 20.13 Normal pulmonary venous histology has a relative paucity of smooth muscle (a). Infants with hypoplastic left heart syndrome and an intact 
atrial septum have an increased presence of smooth muscle in the walls of the pulmonary veins (b). 
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Figure 20.14 (a) Subcostal two-dimensional image of a stent deployed across a restrictive atrial septum. The effective size of the atrial communication is 
equal to the diameter of the stent, (b) Color flow Doppler showing non-aliased flow through the atrial stent from the left atrium (LA) to the right atrium 
(RA). 


of pulmonary vascular disease and predicts the early postnatal 
course. The detection of important obstruction at the atrial level 
with significant pulmonary venous flow reversal should prompt 
consideration of prenatal intervention to open the atrial septum 
[68]. The effectiveness and optimal timing for such intervention 


have not yet been determined. Techniques for fetal atrial decom¬ 
pression include fetal balloon atrial septostomy and deployment 
and expansion of a stent in the fetal atrial septum (Figures 20.16 
and 20.17; Videos 20.15 and 20.16). Given the high mortality 
rates that currently exist despite timely postnatal intervention, 



(a) 



Figure 20.15 Pulmonary venous Doppler 
pattern in the fetus, (a) Normal flow 
characterized by predominantly antegrade 
flow with only a small amount of retrograde 
flow during atrial contraction, (b) Hypoplastic 
left heart syndrome with a restrictive atrial 
septum. Note the much greater degree of 
retrograde flow implying impedance to flow 
across the atrial septum. 
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Figure 20.16 A stent across the atrial septum in a fetus who has undergone 
fetal intervention. The stent was advanced through a catheter that was 
advanced through the maternal uterine wall, then through the fetal chest 
wall, and finally into the fetal heart where it was positioned across the atrial 
septum to allow for successful stent deployment. LA, left atrium; RA, right 
atrium; RV, right ventricle. 

fetal interventions should be considered in the setting of HLHS 
with an intact atrial septum. In the absence of fetal therapy, plans 
should be made for delivery at a site where immediate interven¬ 
tion at birth can take place to open the atrial septum either via 
catheter or surgical technique. 

Other important variables to evaluate in the fetus with HLHS 
are the presence and degree of TR and RV function. Mild TR 
is common and is usually tolerated well. However, moderate or 
severe TR may lead to fetal hydrops and indicate a poor prog¬ 
nosis (Figure 20.18). Tricuspid valve incompetence may also 
worsen when transitioning from prenatal to postnatal life as RV 





Figure 20.17 Color Doppler demonstrating flow across the fetal atrial stent 
and through a secondary hole just below the stent, likely created by the 
team as they maneuvered across the atrial septum to position the catheter. 
The demonstration of left atrial decompression suggests technical success 
of the fetal intervention. LA, left atrium; RA, right atrium; RV, right 
ventricle. 



(0 


Figure 20.18 A fetal 4-chamber view demonstrating a thickened and 
dysplastic tricuspid valve in systole (a) and diastole (b).The severity of the 
tricuspid insufficiency is apparent when a color Doppler sector is placed 
over the valve (c). 
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afterload increases following separation from the low-resistance 
placental circuit and preload increases with the increase in pul¬ 
monary venous return to the heart once the lungs are expanded. 

Serial echocardiographic evaluation during gestation is indi¬ 
cated in the fetus with HLHS as atrial level restriction or TR may 
newly develop or progress in later gestation, thereby affecting 
perinatal management. The evaluation includes Doppler sam¬ 
pling of flow in the ductus venosus, umbilical artery and mid¬ 
dle cerebral artery, which provides useful information about 
the overall well-being of the fetus. Doppler analysis of nor¬ 
mal flow in the ductus venosus demonstrates antegrade pha¬ 
sic flow throughout the cardiac cycle. Doppler evaluation of 
umbilical arterial flow demonstrates low systemic vascular resis¬ 
tance as evidenced by an abundance of diastolic flow, whereas 
evaluation of middle cerebral arterial flow demonstrates a rela¬ 
tively small amount of diastolic flow (Figure 20.19). This reflects 
the normal healthy state of an increased cerebrovascular resis¬ 
tance relative to placental resistance. However, in some fetuses 
with HLHS, an increase in middle cerebral artery diastolic flow 
relative to umbilical artery diastolic flow may indicate a lower 
cerebrovascular resistance. It is hypothesized that lower cere¬ 
brovascular resistance is a compensatory mechanism to increase 
cerebral blood flow in fetuses with anatomic obstruction due to 
a small aorta [69]. 

While flow patterns in the middle cerebral artery are inti¬ 
mately related to fetal circulatory characteristics, they may also 


Figure 20.19 Flow pattern in the middle 
cerebral artery, (a) Normal flow pattern 
characterized by little diastolic flow due to 
high cerebral vascular resistance, (b) Flow 
pattern in hypoplastic left heart syndrome. 
Note the marked increase in diastolic flow, 
probably due to diminished vascular tone as 
part of a neurohormonal feedback circuit that 
encourages cerebral blood flow from the 
ductus arteriosus retrogradely through the 
arch. 

have a predictive value for long-term neurodevelopmental out¬ 
come. Data from the Pediatric Heart Network suggests that those 
fetuses with low resistance in the middle cerebral artery have 
improved mid-term neuro developmental outcomes compared 
to peers with relatively elevated resistance [70]. This finding sug¬ 
gests that the vasoreactivity of the middle cerebral artery may 
be important in promoting normal intra-uterine brain develop¬ 
ment. 


Postoperative assessment 

Assessment after stage 1 palliation for HLHS 

In general, routine, non-question-directed echocardiography 
should be avoided in the early postoperative period after stage 
1 reconstruction for HLHS as the stress of an unnecessary 
echocardiogram may disturb the fragile hemodynamics of the 
critically ill neonate. However, if specific targeted questions need 
to be answered, an echocardiogram can be a useful tool to help 
identify potential causes of acute decompensation. 

If a mediastinal drain or chest tube suddenly stops drain¬ 
ing, an urgent echocardiogram may be warranted to rule out a 
pericardial effusion. Build-up of pericardial blood can lead to 
tamponade physiology and cardiovascular collapse. Ventricular 
dysfunction and TR can also cause acute hemodynamic compro¬ 
mise and can be quickly assessed at the bedside with echocar¬ 
diography. Postoperative pulmonary overcirculation is another 






Chapter 20 Hypoplastic Left Heart Syndrome 371 


potential cause of cardiovascular collapse [71]. A Doppler- 
derived aortic flow reversal ratio has been suggested as a means 
of assessing the ratio of pulmonary to systemic blood flow and 
may be clinically useful in some instances [72]. 

Unexpected cyanosis early after stage 1 reconstruction maybe 
due to inadequate resection of the atrial septum or limited blood 
flow delivery to the pulmonary arteries due to shunt stenosis. 
Atrial septal anatomy and adequacy of the resection can be eas¬ 
ily ascertained from subcostal imaging in the frontal or sagit¬ 
tal planes. A BT shunt can usually be seen and traced from the 


suprasternal frontal view with angulation slightly toward the 
right (Figure 20.20; Video 20. 17). Flow through the shunt should 
be continuous throughout systole and diastole with a character¬ 
istic sawtooth Doppler spectral pattern, consistent with the con¬ 
tinuous aortic to pulmonary pressure gradient present. Narrow¬ 
ing of the color jet through the shunt should raise concern for 
shunt narrowing or obstruction when clinical findings suggest 
decreased pulmonary blood flow. Shunt stenosis can be a chal¬ 
lenging undertaking to confirm using echocardiography. Ultra¬ 
sound scatter and artifact created by the shunt material itself 



Figure 20.20 Evaluation of a modified 
Blalock-Taussig (BT) shunt, (a) Suprasternal 
coronal image demonstrating the course of 
the BT shunt from the right innominate artery 
to the RPA. Note the aliased color Doppler 
flow pattern, (b) Continuous-wave Doppler 
across the shunt demonstrating high-velocity 
continuous flow 
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Figure 20.21 Examples of “angiograms” of modified Blalock-Taussig 
shunts using 3D echocardiography. The panel on the right demonstrates 
significant narrowing at the insertion of the superior vena cava into the 
right pulmonary artery BT, Blalock-Taussig; RPA, right pulmonary artery 


may limit the ability to visualize directly the arterial origin, or 
pulmonary artery insertion site of the tube graft. In addition, 
Doppler interrogation and velocity data can underestimate the 
pressure gradient, as the modified Bernoulli equation is invalid 
in the case of a long-segment narrowing. Because the BT shunt 
originates from the innominate artery, one possible cause for 
limited pulmonary blood flow early after surgery may be tor¬ 
sion or kinking of the innominate artery itself. This can be iden¬ 
tified on Doppler echocardiography by detection of turbulence 
and an increased velocity across the innominate artery at the site 
of shunt origin. 

With the advent of 3D echocardiography, some centers have 
started to include “3D echo angiograms” (Figure 20.21; Videos 
20.18 and 20.19) as part of their routine assessment of a BT 
shunt. This technique, while not yet validated against true 
angiograms, has the potential to identify specific areas of nar¬ 
rowing within the shunt and may become increasingly common 
as the technical aspects of 3D echo continue to evolve. 

In patients with RV-to-PA conduit (Sano modification), post¬ 
operative cyanosis should prompt careful evaluation of the con¬ 
duit at its origin from the RV, along its course, and into its inser¬ 
tion into the branch pulmonary arteries. Narrowing can occur at 
any site but is particularly common at the insertion of the con¬ 
duit into the branch pulmonary arteries [73]. The conduit can 
usually be visualized in the subcostal sagittal view. In addition, 
an excellent view for examining the distal aspect of the conduit 
and the proximal branch pulmonary arteries can be achieved by 
a mid-left parasternal window angled superiorly (Figures 20.22 
and 20.23; Video 20.20). This view is obtained by starting at the 
standard apical view and moving medially and slightly cepha- 
lad toward the mid-sternum. Color and PW Doppler sampling 
in the conduit and proximal branch pulmonary arteries demon¬ 
strate forward systolic flow and diastolic reversal back to the RV. 


Inter-stage assessment 

Once outside the immediate postoperative period, routine 
echocardiographic evaluation becomes an important tool for 
assessing the outcome of the first-stage palliation and the 
progression of inter-stage physiology. During this period, the 
echocardiogram should assess: (1) pulmonary venous return to 
rule out acceleration of flow, (2) the adequacy of the interatrial 
communication, (3) the degree of tricuspid valve regurgitation, 
(4) right ventricular size, hypertrophy and function, (5) the neo- 
aortic outflow tract including neo-aortic valve competency (6) 
the neo-aortic arch with specific attention to the proximal and 
distal anastomoses, and (7) the flow characteristics through the 
shunt or Sano conduit. 

While an atrial septectomy is part of the Norwood proce¬ 
dure, progressive obstruction can occur at the atrial septal level, 
weeks to months after initial surgery In a review at The Chil¬ 
drens Hospital of Philadelphia, 4% of patients had a pressure 
gradient of >5 mmHg on routine echocardiography after stage 
1 palliation. Severe restriction or an intact atrial septum before 
stage 1 surgery both correlated with the likelihood of postoper¬ 
ative obstruction [74]. As with the preoperative evaluation, PW 
and color Doppler are used to demonstrate acceleration of flow 
across the atrial septum and determine the presence and degree 
of obstruction. However, velocity information alone is not suf¬ 
ficient to assess the clinical significance of atrial-level obstruc¬ 
tion, as an increased rate of pulmonary venous return is seen in 
patients with pulmonary overcirculation. 

Assessment of the tricuspid valve remains a crucial part of any 
exam of a patient with single ventricle physiology Color Doppler 
and 3D echo can provide insight into the degree and mechanism 
of regurgitation. Serial assessment of the tricuspid valve regur¬ 
gitant jet can also give important clues about important RV dila¬ 
tion and diminished RV function. 

Careful assessment of RV function is important and should 
be performed from a variety of angles and probe positions in 
order to assess global and regional performance of the RV. Api¬ 
cal and parasternal short-axis imaging are usually sufficient to 
evaluate qualitative RV wall shortening as these views provide 
orthogonal planes. Quantitative echocardiographic assessment 
of ventricular performance in HLHS is challenging due to the 
variable geometry of the systemic RV. For that reason, geometric 
formulae for measuring cavity volumes or myocardial mass are 
at best gross estimates and are frequently inaccurate compared 
with other imaging modalities. The role of 3D echocardiogra¬ 
phy RV strain, tissue Doppler imaging, tricuspid annular planar 
systolic excursion, and the myocardial performance index are 
all potentially valuable as measures to follow in a serial manner. 
Given the heterogeneity of HLHS, it is not likely that a “normal 
range” will be identified for the disease as a whole, but many of 
these measures may be followed in a longitudinal manner in an 
individual patient to give a sense of RV function over time. Nev¬ 
ertheless, qualitative assessment of ventricular performance by 
an experienced echocardiographer remains the most commonly 
used means for evaluating RV function in HLHS. 
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Figure 20.22 Stage 1 palliation of hypoplastic left heart syndrome with Sano modification, (a) Antegrade systolic flow in the right ventricle 
(RV)-to-pulmonary artery (PA) conduit. Note that blood flow is limited by the length and diameter of the conduit, (b) Conduit insufficiency in diastole, 
(c) Spectral Doppler interrogation of the conduit showing predominantly antegrade flow and a small amount of conduit regurgitation. 
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Figure 20.23 Distal attachment of a Sano 
conduit to the branch pulmonary arteries. 
LPA, left pulmonary artery; RPA, right 
pulmonary artery 


Narrowing of the neo-aorta following stage 1 palliation occurs 
primarily at the anastomosis of the reconstructed arch to the 
native pulmonary artery proximally or to the descending aorta 
distally (Figure 20.24; Video 20.21). Assessment of the proximal 
anastomosis is performed from subcostal, apical and paraster¬ 
nal imaging windows using color, PW and CW Doppler. If there 
is obstruction, it usually occurs at the supravalvar region at the 
suture line. Assessment of the distal neo-aortic anastomosis to 
the descending aorta is best done from the suprasternal sagittal 
view position. 

After stage 1 palliation, there is often an increase in velocity 
through the distal arch, particularly at the site of distal anas¬ 
tomosis, as the caliber of the vessel decreases from the large, 
augmented transverse arch to the native descending aorta in a 
funnel-like manner (Figure 20.25). Whereas the altered geom¬ 
etry of the neo-aorta creates unique flow patterns, the dimin¬ 
ished distensibility of the homograft patch further complicates 
the diagnosis of coarctation [75,76]. In the absence of normal 
aortic distensibility, the diastolic runoff pattern typically seen 
in classic coarctation of the aorta will not be present. In addi¬ 
tion, if present, the modified BT shunt will drain blood away 
from the descending aorta during diastole, further diminishing 
the appearance of forward diastolic runoff. In an attempt accu¬ 
rately to predict clinically significant arch narrowing, a “coarc¬ 
tation index” was proposed [77]. While the initial index was 
a useful idea, it was not generally accepted into routine prac¬ 
tice. Recently, a novel scoring system was identified in which 
two points were assigned for a peak velocity >2.5 m/sec and 
one point for either a change in qualitative systolic function 
(e.g. normal to mildly diminished) or a ratio of the narrowest 
portion of the arch reconstruction compared to the dimension 
of the descending aorta at the diaphragm of <0.7. Under this 


system, a score of 2 or higher was reported to be 100% sensi¬ 
tive and 85% specific for the diagnosis of clinically significant 
coarctation requiring catheter or surgical-based intervention 
[78]. 

A final approach to the identification of significant neo-aortic 
arch obstruction is the correlation of the tricuspid regurgitant 
jet velocity by CW Doppler to the systolic blood pressure. In the 
absence of obstruction the peak instantaneous pressure gradi¬ 
ent across the tricuspid valve should come very close to mirror¬ 
ing the systolic blood pressure. If the peak instantaneous pres¬ 
sure gradient across the tricuspid valve is higher than the systolic 
blood pressure, coarctation should be suspected. 

Inter-stage assessment after the hybrid procedure 

As previously mentioned, the hybrid approach to HLHS involves 
securing systemic blood flow with a stent in the ductus arte¬ 
riosus and limiting pulmonary blood flow by placing bands on 
the branch pulmonary arteries. The success of this operation 
depends on the balance of the circulations. If the bands are too 
loose, pulmonary overcirculation and high output heart failure 
can occur. If the bands are too tight, cyanosis may be a prob¬ 
lem. An assessment of Doppler flow pattern in the ductus arte¬ 
riosus can be helpful in assessing the degree of pulmonary blood 
flow and may be predictive of postoperative morbidity. Indeed 
the ductal regurgitant fraction, a ratio of retrograde flow VTI 
to antegrade flow VTI, has been correlated with a more compli¬ 
cated post-comprehensive stage 2 recovery [79]. 

The occurrence of “reverse coarctation” is another concern 
to be wary of in the interstage period following the hybrid. A 
reverse coarctation can result from obstruction to flow into the 
aortic arch from the ductal stent, or from progressive narrow¬ 
ing of the aortic isthmus. Risk factors for the development of 
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Figure 20.24 Aortic arch reconstruction after stage 1 hypoplastic left heart syndrome palliation, (a) Suprasternal sagittal image showing an unobstructed reconstructed aorta, (b) Similar view showing 
coarctation (arrows), (c) Color Doppler flow mapping showing aliasing at the suture line (arrow), (d) Spectral Doppler across the coarctation. Note that the usual diastolic runoff pattern of a coarctation 
is not present as a result of competitive runoff through a Blalock-Taussig shunt. Neo-AAo, neo-ascending aorta; DAo, descending aorta. 
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obstruction include a small ascending aorta and a steeper angle 
of insertion of the aortic isthmus into the ductal arch [80]. 

A final concern for the hybrid procedure is the development 
of restriction at the atrial septal level. This can occur at any point 
in the interstage period as the hybrid does not generally include 
an initial atrial septectomy. This should be monitored from rou¬ 
tine imaging of the atrial septum and, if restriction is suspected, 
a referral for balloon septostomy or surgical atrial septectomy 
should be made. 

Assessment before and after stage 2 of HLHS 
palliation 

In the second stage of palliation for HLHS, superior caval blood 
is directed to the pulmonary arteries, either via a bidirectional 
Glenn [81] or a hemi-Fontan [82] procedure. In the bidirectional 
Glenn, the SVC is transected and the proximal portion is sewn 
directly into the superior aspect of the right pulmonary artery 


(Figure 20.26; Videos 20.22 and 20.23). In the hemi-Fontan, the 
posterior aspect of the superior vena cava is opened onto the 
anterior aspect of the right pulmonary artery. A patch is placed 
and then carried from the anastomosis out onto the proximal 
branch pulmonary artery to ensure wide patency. A dam is sewn 
into the entrance of the SVC into the RA, effectively separating 
the SVC from the heart. If a LSVC is present, the surgeon can 
elect to perform bilateral, bidirectional Glenn anastomoses or 
perform a hemi-Fontan on the right and a bidirectional Glenn 
on the left. 

Echocardiography plays an important role in the diagnostic 
evaluation of patients prior to stage 2 surgery. RV function and 
TR should be assessed as a new, preoperative baseline. Examina¬ 
tion of the atrial septum and pulmonary veins is helpful to rule 
out obstruction that may need to be addressed while in the oper¬ 
ating room. The branch pulmonary arteries should be evaluated 
with echocardiography, although visualization may be limited 
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Figure 20.26 Imaging of superior cavopulmonary anastomosis from the 
suprasternal frontal position. The superior vena cava (SVC) is seen 
coursing alongside the neo-aorta. It has been transected and anastomosed 
to the right pulmonary artery (RPA). In this image the pulmonary arteries 
are widely patent. 

to the proximal extraparenchymal portions. The portion of the 
pulmonary artery behind the reconstructed aorta is an impor¬ 
tant region for focus as a large bulbous reconstructed neo-aorta 
may compress the pulmonary artery causing stenosis and dis¬ 
tal hypoplasia (Figure 20.27). The presence of a LSVC should 
be ascertained, as well as the presence and size of the innomi¬ 
nate vein, as previously described. Even with optimal echocar- 
diographic imaging, current practice in many institutions is to 
perform cardiac catheterization prior to the stage 2 surgery in 


order to determine safe candidacy for a cavopulmonary connec¬ 
tion [83]. However, a randomized clinical trial found that a non- 
invasive approach utilizing echocardiography and cardiac MRI 
is a safe, effective and less costly alternative to routine catheteri¬ 
zation in the evaluation of selected patients prior to bidirectional 
Glenn operation [84]. 

Assessment prior to the Fontan operation 

In the not-too-distant past, cardiac catheterization was com¬ 
monly performed as part of the evaluation prior to the Fontan 
operation; however, most centers have been moving toward 
a noninvasive imaging strategy in the low-risk subgroup of 
patients with HLHS. At The Childrens Hospital of Philadel¬ 
phia, we have identified a cohort of patients in whom cardiac 
catheterization is of no additional benefit above and beyond data 
derived from noninvasive imaging prior to the Fontan opera¬ 
tion (Table 20.1) [85]. By applying these criteria we have been 
able to substantially reduce the number of patients undergoing 
invasive diagnostic testing and its associated potential compli¬ 
cations. MRI techniques may advance our ability to reduce or 
nearly eliminate the need for diagnostic cardiac catheterization 
except in the most high-risk cases, relegating the role of catheter¬ 
ization to interventions once anatomic issues have been identi¬ 
fied by noninvasive means [86]. 

Assessment after the Fontan operation 

The Fontan operation is the final schedule surgical palliation for 
children with HFHS. This operation, an anastomosis of the infe¬ 
rior vena cava to the pulmonary arteries, effectively separates the 
systemic and pulmonary circulations. The “Fontan circulation” 
is a unique manmade construct that has allowed for the long¬ 
term survival of many children born with complex congenital 


Figure 20.27 Severe stenosis of the proximal 
right pulmonary artery (RPA) as it courses 
under the bulbous neo-aorta. 
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Table 20.1 Criteria to forgo a cardiac catheterization prior to Fontan 
completion* 


Clinical data 

Room air pulse oximetry >76% 

Hemoglobin <18 g/dL 

Echocardiographic data 

Left pulmonary artery visualized without stenosis 
No significant atrioventricular valve insufficiency (<1+) 
No significant ventricular dysfunction (qualitative) 

No aortic coarctation 
An unrestrictive atrial communication 
No evidence of a decompressing vessel 


*lf the above criteria are met, there is no benefit to performing a cardiac 
catheterization prior to Fontan completion [85]. 

heart disease but is also associated with its own set of long-term 
morbidities. For a detailed discussion of imaging in the Fontan 
circulation see the discussion in Chapter 27. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 20.1 An apical 4-chamber view of hypoplastic left heart syn¬ 
drome (HLHS). Note the hypertrophied right ventricle (RV), the 
redundant tricuspid valve tissue and the hypoplastic left ventricle 
(LV). The echo-bright left ventricular endocardium is consistent 
with endocardial fibroelastosis. 

Video 20.2 In this apical 4-chamber view the numerous chordal 
attachments of the septal leaflet to the ventricular septum can be 
appreciated. These effectively “tether” the leaflet to the septum; a 
risk for abnormal tricuspid valve function and tricuspid regurgita¬ 
tion. 

Video 20.3 This apical 4-chamber clip with color Doppler demon¬ 
strates severe tricuspid insufficiency resulting from a dysplastic tri¬ 
cuspid valve. This degree of tricuspid insufficiency may be a risk 
factor for poor outcome with staged palliation. 

Video 20.4 A clip from the suprasternal sagittal position demon¬ 
strating the ascending aorta as it enters the transverse arch. In this 
case the ascending aorta is tiny and serves as a “common coronary” 
from which the right and left coronaries originate. 

Video 20.5 This view is from the suprasternal sagittal position with 
color Doppler. In this example, the ascending aorta is more fully 
formed, but again the traverse arch is supplied retrograde from the 
patent ductus arteriosus (PDA). 

Video 20.6 This view, from a high parasternal position, demon¬ 
strates the physiology after the “hybrid procedure.” The struts of the 
ductal stent are well visualized stenting the patent ductus arterio¬ 
sus (PDA) to allow for systemic perfusion. Note the retrograde flow 


within the PDA stent. An abundance of retrograde diastolic flow is 
a risk factor for poor outcome. 

Video 20.7 In this view, from a high parasternal position, the physi¬ 
ology after the “hybrid procedure” is demonstrated. The pulmonary 
artery bands are crucial to ensure that the systemic and pulmonary 
circulations are well balanced. 

Video 20.8 This view, from a high parasternal position, demon¬ 
strates the physiology after the “hybrid procedure.” The pulmonary 
artery bands are crucial to ensure that the systemic and pulmonary 
circulations are well balanced. 

Video 20.9 This high left parasternal view demonstrates the “ductal 
arch” from a standard “three-finger” ductal view. The patent duc¬ 
tus arteriosus (PDA) is quite large and transitions smoothly into 
the descending aorta. Both proximal branch pulmonary arteries are 
seen in this view. 

Video 20.10 The same high left parasternal view as Video 20.9, with 
color Doppler applied to the image, antegrade systolic flow and ret¬ 
rograde diastolic flow are easily appreciated. Without surgical inter¬ 
vention, the balance and antegrade and retrograde flow can change 
as pulmonary vascular resistance drops creating a “steal” from the 
systemic circulation. For this reason, a surgical intervention (either 
a Norwood procedure or a hybrid procedure) is generally warranted 
within the first few days of life. 

Video 20.11 This is an apical 4-chamber view from a fetal echocar¬ 
diogram demonstrating a restrictive atrial septum by 2D imaging. 
Note that the septum bulges from the dilated left atrium toward 
the right atrial. In addition, the pulmonary veins are very dilated. 
This suggests elevated pulmonary venous pressure and is an omi¬ 
nous finding. If this is found early, a case like this may be a candi¬ 
date for fetal intervention. If found later in gestation, an immediate 
postnatal procedure to compress the left atrium should be consid¬ 
ered. 

Video 20.12 This is another apical 4-chamber-type image from a 
fetal echocardiogram. In this image color Doppler has been applied. 
No flow is demonstrated traversing the atrial septum suggesting a 
severely restrictive or intact atrial septum. 

Video 20.13 This two-dimensional image from the subcostal view 
demonstrates a stent well positioned across the atrial septum fol¬ 
lowing a procedure performed in the immediate postnatal period. 
A stent can allow decompression of the left atrium in cases where 
the atrial septum is restrictive or intact. 

Video 20.14 In this view with color Doppler, left-to-right flow 
across the atrial stent can be appreciated. The flow appears unob¬ 
structed and the left atrium appears adequately decompressed. 

Video 20.15 This is an example of the result of a fetal intervention. 
The apical image from a fetal echocardiogram demonstrates a stent 
in position across the fetal atrial septum. The pulmonary veins in 
this image, while still dilated, appear less tense that prior to the pro¬ 
cedure. 
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Video 20.16 In this example of the result of a fetal intervention, 
the application of color Doppler demonstrates flow across the stent 
and through a second defect at the inferior margin of the stent. The 
decompression of the atrial septum constitutes a technical success 
of the procedure. 

Video 20.17 This suprasternal frontal view demonstrates the full 
length of a Blaylock-Taussig shunt. The shunt originates from the 
innominate artery and enters the right pulmonary artery. In this case 
the shunt and the branch pulmonary arteries appear to be widely 
patent. 

Video 20.18 With the advent of 3D color Doppler flow mapping, a 
virtual angiogram can be created and can help to demonstrate clini¬ 
cally important narrowing within the Blaylock-Taussig shunt. This 
3D image demonstrates a BT shunt as it enters the right pulmonary 
artery without suggestion of narrowing. 

Video 20.19 This second 3D image demonstrating a Blaylock- 
Taussig shunt shows a significant narrowing at the insertion of the 
shunt into the right pulmonary artery along with a narrowing of the 
medial right pulmonary adjacent to the shunt insertion site. This 
technology is evolving and will become more clinically useful as the 
range of available 3D frequencies improves. 

Video 20.20 In this view the Sano conduit is seen entering the 
branch pulmonary arteries. Note that the pulmonary arteries appear 
“tented” by the conduit. Branch pulmonary artery stenosis is a con¬ 
cern following stage 1 with Sano modification, and extensive branch 
pulmonary arterioplasty is common at the time of stage 2. 

Video 20.21 This is an example of a reconstructed arch. The dis¬ 
tal anastomosis of this neo-aorta does not have a smooth tapered 
contour and it appears that there is an area of discrete stenosis as 
demonstrated by color Doppler right at the distal suture line. This 
type of obstruction can lead to ventricular dysfunction and may 
have to be addressed in the interventional catheterization labora¬ 
tory, or in the operating room. 

Video 20.22 The branch pulmonary arteries are often difficult to 
see by echo after the second stage of reconstruction. This is a 
demonstration of a Glenn shunt connecting the superior vena cava 
to the right pulmonary artery. Notice that the portion of the native 
right pulmonary artery just to the left of the anastomosis to the SVC 
can be seen by 2D as it passes under the bulbous reconstructed aor¬ 
tic arch. 

Video 20.23 The same view as Video 20.22. With the application of 
color Doppler, low-velocity flow can be demonstrated into the right 
pulmonary artery without evidence of obstruction. 

References 

1 Lev M. Pathologic anatomy and interrelationship of hypoplasia of 
the aortic tract complexes. Lab Invest 1952;1:61-70. 

2 Noonan JA, Nadas AS. The hypoplastic left heart syndrome; an anal¬ 
ysis of 101 cases. Pediatr Clin North Am 1958;5:1029-1056. 


3 Hoffman JI, Kaplan S. The incidence of congenital heart disease. / 
Am Coll Cardiol 2002;39:1890-1900. 

4 Natowicz M, Chatten J, Clancy R, et al. Genetic disorders and major 
extracardiac anomalies associated with the hypoplastic left heart 
syndrome. Pediatrics 1988;82:698-706. 

5 Natowicz M, Kelley RI. Association of Turner syndrome with 
hypoplastic left-heart syndrome. Am JDis Child 1987;141:218-220. 

6 Glauser TA, Rorke LB, Weinberg PM, Clancy RR. Congenital brain 
anomalies associated with the hypoplastic left heart syndrome. Pedi¬ 
atrics 1990;85:984-990. 

7 Licht DJ, Wang J, Silvestre DW, et al. Preoperative cerebral blood 
flow is diminished in neonates with severe congenital heart defects. 
/ Thorac Cardiovasc Surg 2004;128:841-849. 

8 Miller SP, McQuillen PS, Hamrick S, et al. Abnormal brain devel¬ 
opment in newborns with congenital heart disease. N Engl J Med 
2007;357:1928-1938. 

9 Hornberger LK, Sanders SP, Rein AJ, et al. Left heart obstructive 
lesions and left ventricular growth in the midtrimester fetus. A lon¬ 
gitudinal study. Circulation 1995;92:1531-1538. 

10 Dasgupta C, Martinez AM, Zuppan CW, et al. Identification of 
connexin43 (alphal) gap junction gene mutations in patients with 
hypoplastic left heart syndrome by denaturing gradient gel elec¬ 
trophoresis (DGGE). Mutat Res 2001;479:173-186. 

11 Garg V, Muth AN, Ransom IF, et al. Mutations in NOTCH 1 cause 
aortic valve disease. Nature 2005;437:270-274. 

12 McElhinney DB, Geiger E, Blinder J, et al. NKX2.5 mutations 
in patients with congenital heart disease. / Am Coll Cardiol 
2003;42:1650-1655. 

13 Lewin MB, McBride KL, Pignatelli R, et al. Echocardiographic eval¬ 
uation of asymptomatic parental and sibling cardiovascular anoma¬ 
lies associated with congenital left ventricular outflow tract lesions. 
Pediatrics 2004;114:691-696. 

14 Loffredo CA, Chokkalingam A, Sill AM, et al. Prevalence of con¬ 
genital cardiovascular malformations among relatives of infants with 
hypoplastic left heart, coarctation of the aorta, and d-transposition 
of the great arteries. Am J Med Genet A 2004;124:225-230. 

15 Hinton RB, Jr., Martin LJ, Tabangin ME, et al. Hypoplastic left heart 
syndrome is heritable. / Am Coll Cardiol 2007;50:1590-1595. 

16 Bharati S, Lev M. The surgical anatomy of hypoplasia of aortic tract 
complex. / Thorac Cardiovasc Surg 1984;88:97-101. 

17 Chin AJ, Weinberg PM, Barber G. Subcostal two-dimensional 
echocardiographic identification of anomalous attachment of sep¬ 
tum primum in patients with left atrioventricular valve underdevel¬ 
opment. J Am Coll Cardiol 1990;15:678-681. 

18 Weinberg PM, Weindling S. Atrial septal anomalies differenti¬ 
ate types of hypoplastic left heart syndrome. / Am Coll Cardiol 
1998;12(Suppl. A). [Abstract] 

19 Rychik J, Rome JJ, Collins MH, et al. The hypoplastic left heart syn¬ 
drome with intact atrial septum: atrial morphology, pulmonary vas¬ 
cular histopathology and outcome. J Am Coll Cardiol 1999;34:554- 
560. 

20 Glatz JA, Tabbutt S, Gaynor JW, et al. Hypoplastic left heart syn¬ 
drome with atrial level restriction in the era of prenatal diagnosis. 
Ann Thorac Surg 2007;84:1633-1638. 

21 Seliem MA, Chin AJ, Norwood WI. Patterns of anomalous pul¬ 
monary venous connection/drainage in hypoplastic left heart syn¬ 
drome: diagnostic role of Doppler color flow mapping and surgical 
implications. / Am Coll Cardiol 1992;19:135-141. 


380 Part IV Anomalies of the Ventriculo-arterial Junction and Great Arteries 


22 Bernstein HS, Moore P, Stanger P, Silverman NH. The levoatriocar- 
dinal vein: morphology and echocardiographic identification of the 
pulmonary-systemic connection. / Am Coll Cardiol 1995;26:995- 
1001 . 

23 Edwards JE, Du SJ, Alcott DL, Burchell HB. Thoracic venous anoma¬ 
lies. III. Atresia of the common pulmonary vein, the pulmonary 
veins draining wholly into the superior vena cava. AM A Arch 
Pathol 1951;51:446-460. 

24 Fogel MA, Weinberg PM, Fellows KE, Hoffman EA. A study in 
ventricular-ventricular interaction. Single right ventricles compared 
with systemic right ventricles in a dual-chamber circulation. Circu¬ 
lation 1995;92:219-230. 

25 Glatz JA, Fedderly RT, Ghanayem NS, Tweddell JS. Impact of mitral 
stenosis and aortic atresia on survival in hypoplastic left heart syn¬ 
drome. Ann Thorac Surg 2008;85:2057-2062. 

26 Jonas RA, Hansen DD, Cook N, Wessel D. Anatomic subtype and 
survival after reconstructive operation for hypoplastic left heart syn¬ 
drome. / Thorac Cardiovasc Surg 1994;107:1121-1127; discussion 
1127-1128. 

27 Patel CR, Lane JR, Spector ML, et al. Prenatal diagnosis of ventricu- 
locoronary arterial communication in fetuses with hypoplastic left 
heart syndrome. / Ultrasound Med 2006;25:245-249. 

28 Barber G, Helton JG, Aglira BA, et al. The significance of tricus¬ 
pid regurgitation in hypoplastic left-heart syndrome. Am Heart J 
1988;116:1563-1567. 

29 Checchia PA, McGuire JK, Morrow S, et al. A risk assessment scoring 
system predicts survival following the Norwood procedure. Pediatr 
Cardiol 2006;27:62-66. 

30 Helton JG, Aglira BA, Chin AJ, et al. Analysis of potential anatomic 
or physiologic determinants of outcome of palliative surgery for 
hypoplastic left heart syndrome. Circulation 1986;74:170-76. 

31 Gaynor JW, Mahle WT, Cohen MI, et al. Risk factors for mortality 
after the Norwood procedure. Eur J Cardiothorac Surg 2002;22:82- 
89. 

32 Stasik CN, Gelehrter S, Goldberg CS, et al. Current outcomes and 
risk factors for the Norwood procedure. / Thorac Cardiovasc Surg 
2006;131:412-417. 

33 Stamm C, Anderson RH, Ho SY. The morphologically tricuspid 
valve in hypoplastic left heart syndrome. Eur J Cardiothorac Surg 
1997;12:587-592. 

34 Jenkins PC, Flanagan MF, Jenkins KJ, et al. Survival analysis and 
risk factors for mortality in transplantation and staged surgery for 
hypoplastic left heart syndrome. / Am Coll Cardiol 2000;36:1178- 
1185. 

35 Jenkins PC, Flanagan MF, Sargent JD, et al. A comparison of treat¬ 
ment strategies for hypoplastic left heart syndrome using decision 
analysis. / Am Coll Cardiol 2001;38:1181-1187. 

36 Mahle WT, Cohen MS, Spray TL, Rychik J. Atrioventricular valve 
regurgitation in patients with single ventricle: impact of the bidirec¬ 
tional cavopulmonary anastomosis. Ann Thorac Surg 2001;72:831- 
835. 

37 Michelfelder EC, Kimball TR, Pearl JM, et al. Effect of superior 
cavopulmonary anastomosis on the rate of tricuspid annulus dila¬ 
tion in hypoplastic left heart syndrome. Am J Cardiol 2002;89:96- 
98. 

38 Reyes A, 2nd, Bove EL, Mosca RS, et al. Tricuspid valve repair in 
children with hypoplastic left heart syndrome during staged surgical 
reconstruction. Circulation 1997;96:11-341—343; discussion 11-344— 
345. 


39 O’Connor MJ, Elias MD, Cohen MS, Quartermain MD. Outcomes 
of infants undergoing superior cavopulmonary connection in the 
presence of ventricular dysfunction. Pediatr Cardiol 2012;33:547- 
553. 

40 Hawkins JA, Doty DB. Aortic atresia: morphologic characteristics 
affecting survival and operative palliation. / Thorac Cardiovasc 
Surg 1984;88:620-626. 

41 Machii M, Becker AE. Nature of coarctation in hypoplastic left heart 
syndrome. Ann Thorac Surg 1995;59:1491-1494. 

42 Devloo-Blancquaert A, Titus JL, Edwards JE, et al. Interruption of 
aortic arch and hypoplastic left heart syndrome. Pediatr Cardiol 
1995;16:304-308. 

43 Lloyd TR, Evans TC, Marvin WJ, Jr. Morphologic determinants of 
coronary blood flow in the hypoplastic left heart syndrome. Am 
Heart J 1986;112:666-671. 

44 Ito T, Niino M, Ishikawa J, et al. Hypoplastic left heart syndrome 
with a single coronary artery originating from the pulmonary artery. 
ActaPaediatr Jpn 1995;37:61-63. 

45 Sarris GE, Drummond-Webb JJ, Ebeid MR, et al. Anomalous origin 
of left coronary from right pulmonary artery in hypoplastic left heart 
syndrome. Ann Thorac Surg 1997;64:836-838. 

46 Cross RR, Harahsheh AS, McCarter R, Martin GR. Identified mor¬ 
tality risk factors associated with presentation, initial hospitalisation, 
and interstage period for the Norwood operation in a multi-centre 
registry: a report from the National Pediatric Cardiology Quality 
Improvement Collaborative. Cardiol Young 2013:1-10. 

47 Rychik J, Gullquist SD, Jacobs ML, Norwood WI. Doppler echocar¬ 
diographic analysis of flow in the ductus arteriosus of infants with 
hypoplastic left heart syndrome: relationship of flow patterns to sys¬ 
temic oxygenation and size of interatrial communication. J Am Soc 
Echocardiogr 1996;9:166-173. 

48 Norwood WI, Lang P, Hansen DD. Physiologic repair of aortic 
atresia-hypoplastic left heart syndrome. N Engl J Med 1983;308:23- 
26. 

49 Chrisant MR, Naftel DC, Drummond-Webb J, et al. Fate of infants 
with hypoplastic left heart syndrome listed for cardiac transplanta¬ 
tion: a multicenter study. / Heart Lung Transplant 2005;24:576- 
582. 

50 Galantowicz M, Cheatham JP. Lessons learned from the develop¬ 
ment of a new hybrid strategy for the management of hypoplastic 
left heart syndrome. Pediatr Cardiol 2005;26:190-199. 

51 Akintuerk H, Michel-Behnke I, Valeske K, et al. Stenting of the arte¬ 
rial duct and banding of the pulmonary arteries: basis for combined 
Norwood stage I and II repair in hypoplastic left heart. Circulation 
2002;105:1099-1103. 

52 Honjo O, Benson LN, Mewhort HE, et al. Clinical outcomes, pro¬ 
gram evolution, and pulmonary artery growth in single ventricle 
palliation using hybrid and Norwood palliative strategies. Ann Tho¬ 
rac Surg 2009;87:1885-1892; discussion 1892-1893. 

53 Sano S, Ishino K, Kado H, et al. Outcome of right ventricle- 
to-pulmonary artery shunt in first-stage palliation of hypoplastic 
left heart syndrome: a multi-institutional study. Ann Thorac Surg 
2004;78:1951-1957; discussion 1957-1958. 

54 Sano S, Ishino K, Kawada M, et al. Right ventricle-pulmonary 
artery shunt in first-stage palliation of hypoplastic left heart syn¬ 
drome. / Thorac Cardiovasc Surg 2003;126:504-509; discussion 
509-510. 

55 Sano S, Ishino K, Kawada M, Honjo O. Right ventricle-pulmonary 
artery shunt in first-stage palliation of hypoplastic left heart 


Chapter 20 Hypoplastic Left Heart Syndrome 381 


syndrome. Semin Thorac Cardiovasc Surg Pediatr Card Surg 
Annu 2004;7:22-31. 

56 Rychik J, Szwast A, Natarajan S, et al. Perinatal and early surgi¬ 
cal outcome for the fetus with hypoplastic left heart syndrome: a 
5-year single institutional experience. Ultrasound Obstet Gynecol 
2010;36:465-470. 

57 Ohye RG, Sleeper LA, Mahony L, et al. Comparison of shunt types in 
the Norwood procedure for single-ventricle lesions. N Engl J Med 
2010;362:1980-1992. 

58 Remmell-Dow DR, Bharati S, Davis JT, et al. Hypoplasia of the 
eustachian valve and abnormal orientation of the limbus of the 
foramen ovale in hypoplastic left heart syndrome. Am Heart J 
1995;130:148-152. 

59 Kadletz M, Black MD, Smallhorn J, et al. Total anomalous systemic 
venous drainage to the coronary sinus in association with hypoplas¬ 
tic left heart disease: more than a mere coincidence. / Thorac Car¬ 
diovasc Surg 1997;114:282-284. 

60 Ohta N, Sakamoto K, Kado M, et al. Surgical treatment of coronary 
sinus orifice atresia with hypoplastic left heart syndrome after total 
cavo-pulmonary connection. Ann Thorac Surg 2002;73:653-655. 

61 Salminen JT, Hakala T, Pihkala J, et al. Coronary sinus orifice atresia 
with left superior vena cava in patients with univentricular heart. 
Ann Thorac Surg 2006;81:el6-17. 

62 Takahashi K, Inage A, Rebeyka IM, et al. Real-time 3-dimensional 
echocardiography provides new insight into mechanisms of tricus¬ 
pid valve regurgitation in patients with hypoplastic left heart syn¬ 
drome. Circulation 2009;120:1091-1098. 

63 Brann S, Brawn WJ, Raafat F, Sreeram N. Neonatal pulmonary vas¬ 
cular disease in hypoplastic left heart syndrome. Ann Thorac Surg 
1995;60:433-434. 

64 Gossett JG, Rocchini AP, Lloyd TR, Graziano JN. Catheter-based 
decompression of the left atrium in patients with hypoplastic left 
heart syndrome and restrictive atrial septum is safe and effective. 
Catheter Cardiovasc Interv 2006;67:619-624. 

65 Vlahos AP, Lock JE, McElhinney DB, van der Velde ME. Hypoplas¬ 
tic left heart syndrome with intact or highly restrictive atrial septum: 
outcome after neonatal transcatheter atrial septostomy. Circulation 
2004;109:2326-2330. 

66 Chintala K, Tian Z, Du W, et al. Fetal pulmonary venous Doppler 
patterns in hypoplastic left heart syndrome: relationship to atrial 
septal restriction. Heart 2008;94:1446-1449. 

67 Michelfelder E, Gomez C, Border W, et al. Predictive value of fetal 
pulmonary venous flow patterns in identifying the need for atrial 
septoplasty in the newborn with hypoplastic left ventricle. Circula¬ 
tion 2005;112:2974-2979. 

68 Marshall AC, van der Velde ME, Tworetzky W, et al. Creation of 
an atrial septal defect in utero for fetuses with hypoplastic left heart 
syndrome and intact or highly restrictive atrial septum. Circulation 
2004;110:253-258. 

69 Kaltman JR, Di H, Tian Z, Rychik J. Impact of congenital heart dis¬ 
ease on cerebrovascular blood flow dynamics in the fetus. Ultra¬ 
sound Obstet Gynecol 2005;25:32-36. 

70 Williams IA, Fifer C, Jaeggi E, et al. The association of fetal 
cerebrovascular resistance with early neurodevelopment in sin¬ 
gle ventricle congenital heart disease. Am Heart J 2013;165:544- 
550.el. 


71 Murdison KA, Baffa JM, Farrell PE, Jr., et al. Hypoplastic left heart 
syndrome. Outcome after initial reconstruction and before modified 
Fontan procedure. Circulation 1990;82:IV199-207. 

72 Rychik J, Bush DM, Spray TL, et al. Assessment of pulmonary/ 
systemic blood flow ratio after first-stage palliation for hypoplas¬ 
tic left heart syndrome: development of a new index with the use of 
Doppler echocardiography. / Thorac Cardiovasc Surg 2000;120:81- 
87. 

73 Cardis BM, Fyfe DA, Ketchum D, Mahle WT. Echocardiographic 
features and complications of the modified Norwood operation 
using the right ventricle to pulmonary artery conduit. J Am Soc 
Echocardiogr 2005;18:660-665. 

74 Mahle WT, Rychik J, Gaynor JW, et al. Restrictive interatrial com¬ 
munication after reconstructive surgery for hypoplastic left heart 
syndrome. Am J Cardiol 2001;88:1454-1457, A9. 

75 Cardis BM, Fyfe DA, Mahle WT. Elastic properties of the recon¬ 
structed aorta in hypoplastic left heart syndrome. Ann Thorac Surg 
2006;81:988-991. 

76 Fraisse A, Colan SD, Jonas RA, et al. Accuracy of echocardiography 
for detection of aortic arch obstruction after stage I Norwood pro¬ 
cedure. Am Heart J 1998;135:230-236. 

77 Lemler MS, Zellers TM, Harris KA, Ramaciotti C. Coarcta¬ 
tion index: identification of recurrent coarctation in infants with 
hypoplastic left heart syndrome after the Norwood procedure. Am 
J Cardiol 2000;86:697-699, A9. 

78 Wellen SL, Glatz AC, Ravishankar C, Cohen MS. Abstract PI-76: 
Re-coarctation of the aorta after the Norwood operation can be 
accurately predicted using a composite score based on transthoracic 
echocardiography. J Am Soc Echocardiogr 2012;25:B28. 

79 Birnbaum B, Berger G, Fenstermaker B, et al. Echocardiographic 
parameters that predict outcome in aortic atresia patients under¬ 
going comprehensive stage II procedure. Congenit Heart Dis 
2010;5:409-15. 

80 Egan MJ, Hill SL, Boettner BL, et al. Predictors of retrograde aor¬ 
tic arch obstruction after hybrid palliation of hypoplastic left heart 
syndrome. Pediatr Cardiol 2011;32:67-75. 

81 Bridges ND, Jonas RA, Mayer JE, et al. Bidirectional cavopulmonary 
anastomosis as interim palliation for high-risk Fontan candidates. 
Early results. Circulation 1990;82:IV170-176. 

82 Douville EC, Sade RM, Fyfe DA. Hemi-Fontan operation in 
surgery for single ventricle: a preliminary report. Ann Thorac Surg 
1991;51:893-899; discussion 900. 

83 Brown DW, Gauvreau K, Moran AM, et al. Clinical outcomes and 
utility of cardiac catheterization prior to superior cavopulmonary 
anastomosis. / Thorac Cardiovasc Surg 2003;126:272-281. 

84 Brown DW, Gauvreau K, Powell AJ, et al. Cardiac magnetic res¬ 
onance versus routine cardiac catheterization before bidirectional 
glenn anastomosis in infants with functional single ventricle: a 
prospective randomized trial. Circulation 2007;116:2718-2725. 

85 Ro PS, Rychik J, Cohen MS, et al. Diagnostic assessment before 
Fontan operation in patients with bidirectional cavopulmonary 
anastomosis: are noninvasive methods sufficient? J Am Coll Car¬ 
diol 2004;44:184-187. 

86 Fogel MA. Is routine cardiac catheterization necessary in the man¬ 
agement of patients with single ventricles across staged Fontan 
reconstruction? No! Pediatr Cardiol 2005;26:154-158. 


CHAPTER 21 


Aortic Arch Anomalies: Coarctation of the Aorta 
and Interrupted Aortic Arch 


Jan Marek, Matthew Fenton, and Sachin Khambadkone 

Cardiothoracic Unit, Great Ormond Street Hospital for Children and Institute of Cardiovascular Sciences, London, UK 


Coarctation of the aorta 
Definition 

Coarctation of the aorta (COA) refers to narrowing of the aor¬ 
tic isthmus. Hypoplasia of the aortic arch and other associated 
cardiovascular anomalies are common. The term is also used 
to describe strictures of other segments of the thoracic or the 
abdominal aorta. 

Incidence 

The incidence of COA is approximately 36 (range 29 to 49) per 
100,000 live births, representing the seventh most common, or 
approximately 5-7% of patients with congenital heart disease 
(CHD) [1,2]. In ~64% of patients COA manifests as the dom¬ 
inant CHD soon after birth, whereas in the remaining 36% it 
manifests at an older age. COA is 1.3-1.7 times more likely in 
males [3,4]. In prenatal series, COA constitutes 3-10% of all pre¬ 
natal diagnoses of CHD [5]. 

Etiology 

No single etiologic cause has been proven and evidence points 
to an interplay between genetic, environmental, and hemody¬ 
namic factors [4-8]. Abnormal flow distribution during fetal 
life with decreased aortic flow has long been suspected. This is 
supported by the observation that 71% of cases of aortic atre¬ 
sia also have COA [6]. The role of genetic factors is increas¬ 
ingly recognized. For example, COA occurs in 12% of patients 
with Turner syndrome (XO), and the incidence of chromosome 
22ql 1 microdeletion is increased in patients with coarctation or 
interruption of the aortic arch [7,8]. 

Morphology and classification 

The aortic arch is divided into three segments: (1) proximal 
arch , between the brachiocephalic (innominate) and the left 
carotid artery; (2) distal arch , between the left carotid and the 


left subclavian artery (known as transverse arch); and (3) isth¬ 
mus, between the left subclavian and the ligamentum or ductus 
arteriosus (Figure 21.1). The anatomic criteria for defining arch 
hypoplasia is a proximal aortic arch of 60% of the ascending aor¬ 
tic diameter, or a distal aortic arch of 50% of the ascending aor¬ 
tic diameter, or isthmic narrowing of 40%. The commonly used 
echocardiographic definition determining transverse aortic arch 
hypoplasia in neonates is an internal diameter < 1 mm for every 
1 kg body weight [9]. Another commonly used criterion is diam¬ 
eter z-score <-2 standard deviations of the normal populations 
mean. 

COA usually results from narrowing of the aortic isthmus at 
its junction with the proximal descending aorta at the insertion 
of the arterial duct (juxtaductal coarctation). The anatomic spec¬ 
trum is wide but different morphologic patterns can be distin¬ 
guished based on age at diagnosis - before birth, early infancy, 
and in older children and adults. In the fetus and infant, the dis¬ 
tal transverse aortic arch between the left common carotid and 
left subclavian arteries is often elongated and hypoplastic (tubu¬ 
lar hypoplasia), the angle between the ascending aorta and trans¬ 
verse arch is acute, and the aortic isthmus is diffusely hypoplastic 
[5], the arterial duct is almost always widely patent. In neonates, 
gradual development of COA is reported during closure of the 
ductus arteriosus and histologic studies have demonstrated duc¬ 
tal tissue circumferentially surrounding the juxtaductal portion 
of the aorta [10]. Although the stenotic site is typically located at 
the distal isthmus, other locations or multiple sites can be found 
(e.g., opposite or proximal to the origin of the left subclavian or 
any other brachiocephalic artery). In older children and adults, 
aortic arch hypoplasia is less common, the coarctation segment 
is usually discrete, and collateral arteries bypassing the COA 
are common. These collateral vessels develop from increased 
flow through the internal mammary, intercostals, and scapular 
arteries. 

Regardless of age at diagnosis, the coarctation segment is char¬ 
acterized by luminal narrowing due to thickening of the intima 
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Figure 21.1 Schematic drawing of individual 
aortic arch segments in relationship to arterial 
duct or ligament (asterisk). AO, aorta; LCAR, 
left carotid artery; LPA, left pulmonary artery; 
LSA, left subclavian artery; PA, pulmonary 
trunk; RPA, right pulmonary artery; RCAR, 
right carotid artery; RSA, right subclavian 
artery 


RCAR 


RSA 
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Distal arch 



Isthmus 


Descending 
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and media layers, hypoplasia, and tortuosity. The endoluminal 
protrusion of the intimal-medial ridge (or “shelf”) is typically 
circumferential but is often more prominent along the poste¬ 
rior and lateral wall of the aortic isthmus. The length of the 
stenotic segment varies from discrete (2-3 mm) to long-segment 
(7-20 mm). The proximal descending aorta immediately past 
the coarctation often exhibits poststenotic dilation, a feature 
more commonly found in older children and adults. 

A high incidence (>50%) of associated cardiac abnormalities 
suggests that COA is a more complex defect than isolated nar¬ 
rowing of the aorta. COA is most commonly associated with 
bicommissural aortic valve, ventricular septal defect (VSD), sub¬ 
valvar and valvar aortic stenosis, common atrioventricular canal, 
and others. COA is particularly common in patients with multi¬ 
ple left heart obstructive lesions and is part of Shone syndrome. 

Rarely, COA affects other segments of the aorta. The mor¬ 
phology and pathophysiology of abdominal coarctation is dif¬ 
ferent from coarctation of the aortic isthmus in that the involved 
segment is often long, the aortic media is markedly thick¬ 
ened, and involvement of the renal and mesenteric vessels is 
common. Involvement of the thoracic and abdominal aorta 
and branches has been reported in Takayasu aortitis, supraval¬ 
var aortic stenosis (Williams syndrome, familial aortic steno¬ 
sis and sporadic supravalvar aortic stenosis), and mid-aortic 
syndrome. 

“Pseudocoarctation” of the aorta refers to deformity of the 
aortic isthmus characterized by tortuosity but without luminal 
narrowing. The isthmus and part of the descending thoracic 
aorta are deformed, most frequently into the shape of the digit 
three (“3”). Internally, the caliber of the isthmus is not narrowed 
and blood flow is not obstructed. 


Pathophysiology 

Prenatal 

The hemodynamic consequences of COA are usually tolerated 
well in the fetus because blood flow to the lower body and the 
placenta is supplied predominantly thorough the arterial duct 
with only ~ 10% of the combined cardiac output crossing the aor¬ 
tic isthmus. Narrowing of the aortic isthmus results in diversion 
of blood flow from the aorta to the pulmonary artery and the 
arterial duct. As a result, left ventricular afterload increases and 
its output decreases, whereas right ventricular output increases. 
Consequently, the right ventricle dilates while the left ventricle 
is pressure loaded [11], resulting in the ventricular size dispro¬ 
portion observed when COA is present in the fetus. 

Postnatal 

Neonatal coarctation 

The pathophysiology of COA in the neonate depends on a com¬ 
plex interplay between the severity of aortic narrowing, the rate 
at which the COA progresses, patency of the arterial duct, pul¬ 
monary vascular resistance, and associated cardiac anomalies. 
The hemodynamic burden imposed by severe COA manifests 
after birth as the foramen ovale closes and the arterial duct con¬ 
stricts and ultimately closes. As a result, the left ventricle supplies 
the entire cardiac output and flow to the lower body must cross 
the narrow aortic segment(s). Under these conditions, the left 
ventricle faces pressure overload and systolic blood pressure in 
the upper body is increased. In contrast, distal to the COA the 
systolic blood pressure is low, clinically manifesting as reduced 
pulse amplitude in the femoral arteries. When the coarctation 
occurs proximal to the left subclavian artery, decreased pulse 
amplitude is noted in the left arm. In the rare circumstance 
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of COA proximal to the left subclavian artery associated with 
aberrant origin of the right subclavian artery, blood pressures 
and pulse volumes in the arms are similar to those in the lower 
extremities. 

In neonates with severe COA, the increased impedance to 
left ventricular emptying leads to elevated end-diastolic pres¬ 
sure and left atrial, pulmonary venous, and pulmonary arterial 
hypertension. A widely patent arterial duct allows right-to-left 
systolic flow from the main pulmonary artery to the descending 
aorta, providing adequate perfusion to the lower body and nor¬ 
mal volume of the femoral pulse. In the absence of an atrial-level 
right-to-left shunt or associated cardiac lesions, oxygen satura¬ 
tion in the upper extremities (preductal) is higher than that in 
the lower extremities (postductal), a phenomenon called differ¬ 
ential cyanosis. 

Constriction and ultimate closure of the arterial duct in 
neonates with severe or rapidly progressing COA lead to left 
ventricular dysfunction. Increased afterload due to the COA, 
decreased preload secondary to increased pulmonary vascular 
resistance and diastolic septal shift towards the left ventricle, 
and decreased myocardial perfusion contribute to left ventricu¬ 
lar dysfunction. Failure of compensatory mechanisms ultimately 
leads to decreased cardiac output, lower body hypoperfusion, 
oliguria, acidosis, and shock. If the COA develops slowly and 
pulmonary vascular resistance normalizes, the left ventricular 
myocardium hypertrophies in response to the pressure load, wall 
stress is maintained, and systolic function is preserved. 

Adult coarctation 

Later in life coarctation is usually diagnosed either due to a heart 
murmur, low pulse amplitude in the lower extremities, or sys¬ 
temic hypertension. The clinical course of this type of coarcta¬ 
tion is often insidious. This is usually due to development of col¬ 
lateral vessels between the high-pressure aortic branches prox¬ 
imal to the COA and the low-pressure distal aorta. When the 
collateral vessels are extensive, the pulse volume and blood pres¬ 
sure in the lower extremities can be near normal. Left ventricu¬ 
lar pressure overload is gradual in onset and myocardial failure 
usually develops over decades in response to systemic hyperten¬ 
sion and coronary artery disease. Another complication seen in 
adults with COA is cerebral aneurysm(s) [12]. 

Imaging 

Echocardiography provides adequate diagnostic information in 
most newborns, infants, and young children. However, older 
children and adults often require other diagnostic modalities 
(e.g., MRI or CT), as echocardiographic imaging of the aor¬ 
tic isthmus and proximal descending aorta is difficult due to 
increased distance from the transducer and intervening air¬ 
ways. It is imperative that comprehensive evaluation of the aor¬ 
tic arch, arch branches, isthmus, and descending aorta is per¬ 
formed before selecting a management plan. Two-dimensional 
(2D) echocardiographic imaging as well as color and spectral 
Doppler techniques are used from suprasternal, right and left 


infraclavicular approaches to evaluate the anatomy and to quan¬ 
tify the degree of obstruction. 

Key elements: 

• Evaluation of heart situs and segmental cardiac anatomy. 

• Doppler evaluation of flow profile in the descending aorta at 
or below the level of the diaphragm. 

• Evaluation of aortic arch anatomy, origins of brachiocephalic 
vessels, aortic isthmus, and proximal descending aorta. 

• Measurements of flow gradients in the transverse arch and at 
the COA site. 

• Evaluation of flow in the arterial duct. 

• Evaluation of morphology, size, and function of the left ven¬ 
tricular inflow and outflow, including the supramitral area, 
mitral valve, left ventricular outflow, aortic valves, and sino- 
tubular junction. 

• Measurements of left ventricular size (diameter, length, vol¬ 
ume, thickness, and mass) and function. 

• Evaluation of atrial communication(s), including direction of 
flow and measurement of mean pressure gradient. 

• Estimation of the degree of pulmonary hypertension. 

• Identification of associated anomalies. 

Echocardiographic evaluation of neonatal 
coarctation 

Imaging of the aortic arch and isthmus 

The entire aortic arch, isthmus, arterial duct, and descending 
aorta are imaged from the suprasternal notch and from the 
right and left infraclavicular windows. Extension of the neck and 
upper thorax by placing a rolled towel under the shoulders facil¬ 
itates imaging. Because the distance between the transducer and 
the aorta is short, we recommend using a transducer with fre¬ 
quencies ranging from 7.5 to 12 MHz to provide high-resolution 
imaging. 

Imaging is first performed in the transverse plane, following 
the ascending aorta cranially, demonstrating the arch branching 
pattern, and imaging the transverse arch. This view is essential 
to characterize the anatomy and sidedness of the aortic arch 
and to exclude associated abnormalities such as right- or double 
aortic arch and aberrant origin of a subclavian artery (Figure 
21.2; Video 21.1). The oblique sagittal plane is then used to 
visualize the long axis of the ascending aorta, arch, isthmus, 
and proximal descending aorta (Figure 21.3; Video 21.2). In 
neonates, the right infraclavicular area is particularly helpful 
for depicting most of the thoracic aorta in one plane. The distal 
aortic arch (between the left common carotid and left subclavian 
arteries) is often elongated and hypoplastic. The hypoplasia 
may extend from the origin of the brachiocephalic trunk or the 
left carotid artery up to the site of COA (Figure 21.4; Videos 
21.3 and 21.4). Imaging of the coarctation site at the junction 
of the isthmus and proximal descending aorta can also be 
accomplished from the left subclavicular area in a sagittal plane. 
This view demonstrates the anatomy of the coarctation in detail 
and complements imaging from the right subclavicular area. 
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Figure 21.2 Unusual aortic coarctation in 
presence of right aortic arch with aberrant left 
subclavian artery, (a) Discrete narrowing 
(asterisk) seen between right carotid artery 
(RCAR) and right subclavian artery (RSA). (b) 

First non-bifurcating neck artery turning to the 
left suggested presence aberrant left subclavian 
artery DAO, descendent aorta; LCAR, left 
carotid artery; LPA, left pulmonary artery; 

RPA, right pulmonary artery 

The site of maximal narrowing is determined by 2D imaging 
and color flow mapping and the diameter of the narrowest 
aortic segment is then measured on a 2D image. Using body 
surface area-adjusted normal values (see Appendix), the z-score 
of the narrowest arch segment is calculated. The arch is defined 
as hypoplastic if its diameter z-score is less than -2.0. 

A protruding ridge is typically present at the site of COA but 
additional sites of obstruction can coexist due to the presence 
of another ridge, hypoplasia of the isthmus, or both. The ridge 
is directed from the lateral and posterior aspects of the isthmus 
towards the aortic end of the arterial duct (Figure 21.4). When 



Figure 21.3 Imaging of neonatal COA from the suprasternal notch view. 
Coarctation ridge (COA) located ~5 mm below the origin of left subclavian 
artery Descendent thoracic aorta (DAO) below obstruction is dilated. 
AOA, aortic arch. 


assessing flow through the aortic isthmus, the suprasternal or 
right subclavicular windows usually provide an optimal angle 
for Doppler interrogation. The sample volume is placed at the 
site of maximum narrowing to avoid overlap with ductal flow. 
Flow across the isthmus is forward and continuous throughout 
the cardiac cycle, producing the characteristic appearance of a 
diastolic tail (Video 21.5). When the arterial duct is restrictive 
or closed and left ventricular systolic function is preserved, 
the blood pressure difference across the coarctation is high. 
The Doppler flow tracing shows a characteristic “serrated” 
pattern with rapid early acceleration and high-velocity systolic 
peak, followed by gradual deceleration throughout diastole 



Figure 21.4 Neonatal coarctation (COA) with severe transverse aortic arch 
hypoplasia seen from the suprasternal view. Elongated, hypoplastic arch 
with maximal narrowing between the left carotid artery (LCAR), left 
vertebral artery (LVA), and left subclavian artery (LSA), which is 
predominantly supplied by arterial duct (asterisk). BCT, brachiocephalic 
trunk, DAO, descendent aorta. 
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(Figure 21.5). Evaluation of the severity of coarctation with pre¬ 
served left ventricular systolic function is based on the peak and 
not the mean gradient because inclusion of the diastolic phase 
of the antegrade flow would not accurately reflect the systolic 
gradient. When multiple obstructions are present, usually in 
the context of associated aortic arch hypoplasia, the gradient 
measured by pulsed-wave (PW) Doppler proximal to the isth¬ 
mus should be subtracted from the total coarctation gradient 
measured by continuous-wave (CW) Doppler (Figure 21.6). 

Echocardiographic assessment in developing or mild COA 
may differ from the more severe forms (Figure 21.7). Instead of 
a typical coarctation ridge, 2D imaging demonstrates only mild 
isthmic narrowing. The Doppler signal in this situation shows 


Figure 21.5 Continuous-wave Doppler 
through the aortic isthmus of a patient with 
severe COA. Note the high velocity systolic 
amplitude (4.5 m/s) with continuous antegrade 
flow throughout diastole. 

only systolic acceleration rather than a typical “serrated” flow 
pattern. 

Imaging of the arterial duct is performed from under the left 
clavicle, a position that provides an optimal angle for assessing 
ductal flow. When the COA is severe and pulmonary hyperten¬ 
sion coexists, flow through the arterial duct is bidirectional - 
from the main pulmonary artery to the descending aorta dur¬ 
ing systole and from the aorta to the pulmonary artery dur¬ 
ing diastole (Figure 21.8; Videos 21.3 and 21.6). In patients 
without pulmonary hypertension flow is from the aorta to the 
main pulmonary artery throughout the cardiac cycle. The opti¬ 
mal position of the PW Doppler sample is in the middle of the 
arterial duct. Repeat echocardiographic examination should be 



Figure 21.6 Flow characteristics in aortic 
isthmus in a neonatal coarctation. Summation 
of accelerated forward flow in systole across 
arterial duct (2.56 m/s) and lower velocity 
systolic flow (1 m/s) across aortic isthmus, and 
low velocity diastolic flow (arrow) with 
respiratory variation through the aortic 
isthmus as a result of reduction in diastolic 
blood pressure in the pulmonary artery. 
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Figure 21.7 Evolving coarctation (arrows) in a 
6-week-old infant, (a) 2D imaging; (b) color 
Doppler flow mapping; and (c) pulsed Doppler. 
Color aliasing indicates flow acceleration across 
mild isthmic narrowing in the absence of 
arterial duct. Pulsed Doppler technique 
indicated systolic acceleration (3 m/s) with no 
persistent diastolic flow. AOA, aortic arch; 
DAO, descendent aorta; RPA, right pulmonary 
artery. 




Figure 21.8 Ductal (PDA) flow patterns in severe neonatal coarctation, (a) The sample volume is placed in the middle of the arterial duct, (b) Bidirectional 
low-velocity flow with systolic right-to-left direction indicating high pulmonary arterial pressure. D, diastolic left-to-right flow; S, systolic right-to-left flow. 
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Figure 21.9 Serial echocardiograms in 
neonatal coarctation, (a) Restrictive arterial 
duct (arrow) demonstrated by color flow 
mapping prior to prostaglandin administration, 
(b) Significant ductal widening (arrow) after 
prostaglandin administration visualized by 2D 
imaging. AOA, aortic arch; DAO, descendent 
aorta; LCAR, left carotid artery; LSA, left 
subclavian artery; PA, pulmonary artery. 


performed shortly after beginning prostaglandin administration 
to confirm ductal patency (Figure 21.9). 

Subcostal views 

Following determination of abdominal situs, cardiac position, 
and segmental evaluation of cardiac anatomy from the sub¬ 
costal window, the characteristics of blood flow in the descend¬ 
ing aorta at or below the level of the diaphragm are evaluated 
by PW Doppler. Care is taken to align the ultrasound beam 
with the long axis of the descending aorta. In neonates with 
severe COA, pulmonary hypertension, and patent arterial duct, 
the amplitude of the pulse wave is usually slightly decreased 
or normal and the diastolic component is absent or slightly 
reversed. This essentially normal flow profile results from unim¬ 
peded systolic flow from the right ventricle to the descending 
aorta through the arterial duct. The right ventricle thus gener¬ 
ates the pulse wave, and when systolic function is preserved, nor¬ 
mal velocity is demonstrated in the aorta below the diaphragm 
(~20-40 cm/s; no angle correction). In contrast, in neonates 
with severe COA and a closing or a closed arterial duct, the flow 
profile in the abdominal aorta is strikingly different; it typically 
exhibits low-velocity systolic-diastolic flow with minimal pha¬ 
sic variations (Figure 21.10). In addition to evaluation of the flow 
profile in the abdominal aorta, the entire aortic arch and the arte¬ 
rial duct can be viewed from the subcostal oblique sagittal plane 
(Video 21.7). 

Imaging of the atrial septum from the subcostal long- and 
short-axis views almost always demonstrates a patent foramen 
ovale. The direction of shunt is depicted by color flow map¬ 
ping and by PW Doppler in the foramen ovale. In neonates with 
severe pulmonary hypertension and elevated right atrial pres¬ 
sure, flow across the foramen ovale is bidirectional. In neonates 
with less severe pulmonary hypertension flow is predominantly 
left-to-right with velocity proportional to the pressure gradient 



Figure 21.10 Pulsed Doppler flow pattern in abdominal aorta from 
subcostal sagittal view, (a) Coarctation with restrictive arterial duct and 
preserved systolic ventricular function in a 5-day-old neonate. Systolic 
waveform amplitude is low; antegrade diastolic flow indicates the 
obstruction proximal to sample volume, (b) Coarctation with closed 
arterial duct and impaired systolic ventricular function in 10-day-old 
neonate. The abdominal aorta flow velocity is very low over the cardiac 
cycle indicating extremely low lower body perfusion. 
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Table 21.1 Echocardiographic differences in neonatal (infant) coarctation of aorta with or without pulmonary hypertension. 


Left ventricle PDA 


Neonatal COA 

PFO shunt 

Volume 

Wall 

TR gradient 

Dimension 

Shunt 

COA gradient 

With pulmonary 
hypertension 

Bi-directional 

Subnormal 

Hypertrophy 

>30 mmHg 

Patent 

Bi-directional 
(low velocity) 

0-20 mmHg 

Without pulmonary 
hypertension 

Left-to-right 

Enlarged 

Hypertrophy and 
dilation 

<30 mmHg 

No (restrictive) 

No Left-to-right 
(high-velocity) 

30-70 mmHg 
(<30 mmHg with 

LV dysfunction) 


Note: The indicated values of gradients are approximate. 

COA, coarctation of aorta; PFO, persistent ovale foramen; TR, tricuspid regurgitation; PDA, persistent arterial duct. 


between the atria. Finally, the subcostal approach also provides 
excellent imaging of the size and function of ventricles, the mor¬ 
phology and function of the AV valves, and the left and right 
ventricular outflow tracts. 

Apical views 

The apical 4-, 5- and 2-chamber views are important for assess¬ 
ment of left ventricular inflow and outflow, measurements of 
left ventricular volume and mass, and for determination of right 
ventricular systolic pressure by the tricuspid regurgitation jet 
velocity. The mitral annulus in isolated neonatal COA may be 
small; however, mitral valve function is usually normal. Color 
flow mapping and PW Doppler are used to evaluate the valve 
with particular attention to restriction of blood flow at the level 
of the annulus, leaflets, chordae tendineae, or at multiple levels 
(see Chapter 14 for further details). In an otherwise structurally 
normal mitral valve and nondilated left ventricle with preserved 
systolic function, significant mitral regurgitation is uncommon. 

Evaluation of the left ventricular outflow from the apical win¬ 
dow is particularly important due to the common association 
between COA and subvalvar and/or valvar aortic stenosis. Ante¬ 
rior apical 4-chamber and, in particular, apical long-axis views 
are used to evaluate the morphology and flow characteristics 
across the left ventricular outflow. Color flow mapping, PW, and 
CW Doppler are used to determine the presence and severity 
of obstruction and/or regurgitation (see Chapter 19 for further 
details). 

Tricuspid regurgitation is often present due to annular dila¬ 
tion in neonates with severe pulmonary hypertension and a 
dilated right ventricle. Measurement of the peak tricuspid regur¬ 
gitation jet velocity by Doppler provides an estimation of right 
ventricular systolic pressure. 

Parasternal views 

The parasternal long- and short-axis views are used to evalu¬ 
ate left ventricular size and function, mitral valve morphology 
and function, left ventricular outflow obstruction, aortic valve 
morphology, size, and mechanism of stenosis or regurgitation, 
tricuspid regurgitation, and right ventricular size and function. 


The right ventricular outflow tract, pulmonary valve, and pul¬ 
monary arteries are also evaluated from the precordial windows. 
Measurement of the pulmonary regurgitation end-diastolic flow 
velocity provides information on the pulmonary artery diastolic 
pressure. 

Echocardiographic observations in neonates and infants with 
aortic coarctation, with and without pulmonary hypertension, 
are summarized in Table 21.1. 

Adult coarctation 

COA in older children and adults is caused by slow progression 
of the aortic ridge into the lumen of the aortic isthmus (Fig¬ 
ure 21.11; Video 21.8). Presence of collateral arteries bypassing 
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Figure 21.11 COA in a 12-year-old boy. Note the discrete shelf partly 


occluding the aortic isthmus (COA) and marked poststenotic dilation of 
thoracic aorta. AOA, aortic arch; DAO, descendent aorta; PA, pulmonary 
trunk. 
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the COA is common. As mentioned earlier, suboptimal acoustic 
windows and a long distance from the transducer may hamper 
imaging of the distal aortic arch, isthmus, and proximal descend¬ 
ing aorta. Adjustment of patient position (e.g., extension of the 
neck), use of a low-frequency transducer, and harmonic imaging 
are some of the tools that can aid in optimizing image quality. 
In addition, use of the left subclavicular window in the sagittal 
plane to visualize the aortic isthmus and the descending thoracic 
aorta is advised (Figure 21.12; Video 21.9). Placing the patient 
in the left lateral decubitus position aids in obtaining this view. 
Doppler assessment of COA severity is similar to that in the 
neonate (Figure 21.4). Optimal assessment of the velocity pro¬ 
file requires CW Doppler with a low-frequency filter to obtain a 
clear signal. As in neonatal COA, the gradient is estimated based 
on peak systolic velocity, not the mean gradient. When multiple 
obstructions of the aortic arch and isthmus coexist the contribu¬ 
tion of each stenosis should be evaluated. 

The abdominal aorta Doppler flow profile in adult COA is 
characterized by low-velocity systolic-diastolic flow, which can 
be visualized by PW Doppler and by color M-mode (Figure 
21.13). When significant collateral vessels are present the differ¬ 
ence between the amplitudes of the systolic and diastolic com¬ 
ponents of the flow curve is inversely proportional to the size of 
arterial collaterals. The entire thoracic as well as abdominal aorta 
should also be imaged to exclude distal coarctation, which can 
involve the origins of the celiac, mesenteric, and renal arteries 
(Figure 21.14; Video 21.10). 

Similar to neonatal COA, comprehensive echocardiographic 
evaluation of cardiac anatomy and function is crucial in older 
children and adults due to the high frequency of associated 
anomalies. Bicommissural aortic valve and dilatation of the 
ascending aorta are common abnormalities in older children 
and adults with COA. 


Figure 21.12 Left subclavicular approach in 
the sagittal plane showing mild isthmic 
narrowing (arrow) in 7-year-old child, (a) 
Coarctation shelf is opposite to aortic ampula 
of arterial duct (asterisk), (b) Flow acceleration 
across aortic isthmus seen by color Doppler 
flow mapping. DAO, descendent aorta; LPA, 
left pulmonary artery; LSA, left subclavian 
artery. 

Prenatal assessment 

COA diagnosed in the fetus is characterized by narrowing of 
the aortic isthmus and by a frequently associated transverse arch 
hypoplasia [5]. The main pulmonary artery communicates with 
the descending aorta through a widely patent arterial duct, cre¬ 
ating a large ductal arch. Associated left heart obstructive lesions 
are also common. 

Asymmetry of ventricular size (right ventricle larger than left 
ventricle) demonstrated in the 4-chamber view is frequently the 
first clue to prenatal diagnosis of COA (Figure 21.15; Video 
21.11). The right ventricle is enlarged and tricuspid regurgita¬ 
tion is frequently detected. Right ventricular dilatation, how¬ 
ever, is not specific for COA and is present in other forms of 
fetal cardiac and extracardiac anomalies. Ventricular function 
is usually normal and unlike other causes of right ventricular 
enlargement no other signs of fetal-placental circulatory fail¬ 
ure are present. Despite progress in fetal echocardiography and 
heightened awareness, prenatal diagnosis of COA continues to 
be challenging. In a large nationwide epidemiologic study we 
confirmed that even in the current era, only 20% of patients with 
COA are diagnosed antenatally [13]. Head and colleagues found 
that in only one-third of patients suspected by fetal echocardiog¬ 
raphy to have COA was the diagnosis ultimately confirmed after 
birth [14]. 

Diagnosis of COA in the fetus requires detailed imaging of 
the aortic arch and isthmus and clear depiction of the aortic 
end of the arterial duct. The arch is visualized in the oblique 
sagittal plane either through the chest (Videos 21.12 and 21.13) 
or through the back of the fetus (Video 21.14). These views 
can depict the aorta along its entire length, including the root 
and ascending aorta, arch, origins of the brachiocephalic arter¬ 
ies, isthmus, and descending thoracic and abdominal aorta. The 
diameters of the aorta at different levels should be measured and 
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Figure 21.13 Flow profile in the abdominal 
aorta of a 6-year-old child with coarctation, (a) 
Pulsed-wave Doppler, and (b) color M-mode. 
Systolic velocity does not exceed 50 cm/s, and 
antegrade diastolic flow of 25 cm/s indicates 
proximal obstruction with presence of 
collaterals. Continuous, systolic-diastolic color 
flow Doppler superposed to 2D image in 
patient with COA and collaterals. 



compared with gestational age-adjusted normal values [15,16]. 
The ascending aorta is often smaller than the main pulmonary 
artery. Reliable diagnosis of COA can be made when aortic arch 
hypoplasia is present (Figure 21.16; Video 21.15). Demonstra¬ 
tion of hypoplasia and/or tortuosity of the aortic isthmus are 
paramount to the diagnosis of COA in the fetus (Figure 21.17). 
The width of the aortic isthmus is compared to the width of the 
aortic end of the arterial duct [15,17]. Color flow mapping can 
be useful in assessing the width of both segments. It is impor¬ 
tant, however, to use appropriate color gain and velocity scale 
(Nyquist limit) to avoid “bleeding” of the flow signal. With opti¬ 
mum settings, stenotic flow can be seen at the site of isthmus 
(Figure 21.18; Video 21.16), and color flow mapping can be used 
to assess the diameters of the isthmus and arterial duct. 

Therapeutic interventions and long-term 
echocardiographic follow-up 

Treatment options for correction of COA include surgery, per¬ 
cutaneous balloon angioplasty, and endovascular stent implan¬ 
tation. While surgery is the dominant treatment choice for native 
COA in neonates, balloon angioplasty and/or stent implantation 


are commonly used for treatment of recurrent or native COA 
in older children and adults [18,19]. The treatment of choice 
among surgical techniques for COA repair is resection and end- 
to-end anastomosis. When patent, the arterial duct is ligated 
and divided. In patients with aortic arch hypoplasia, the arch 
is augmented either by an extended anastomosis between the 
undersurface of the arch and the descending aorta or by reversed 
subclavian flap aortoplasty. Other, less commonly used, surgical 
techniques include subclavian flap aortoplasty, placement of a 
conduit bypassing the stenotic aortic segment, and patch plasty 
of the COA site. The latter technique has been associated with a 
high incidence of aneurysms at the repair site [20-22]. 

Echocardiographic evaluation after surgery or catheter-based 
treatment of COA is similar to that of native COA. Image qual¬ 
ity is often hampered by postoperative changes and a larger 
body size, which restrict the acoustic windows available to image 
the distal arch, isthmus, and descending aorta. The importance 
of having detailed knowledge of the surgical or catheter pro¬ 
cedure before the examination commences cannot be overem¬ 
phasized. For example, following subclavian flap aortoplasty the 
proximal left subclavian artery is absent (Figure 21.18). After 
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Figure 21.14 (a) Coarctation (arrows) of suprarenal abdominal aorta in 
subcostal sagittal view. Narrowing was localized just above the origin of the 
mesenteric artery (MES). (b) High-velocity (4.5 m/s) systolic-diastolic flow 
detected by continuous-wave Doppler. AO, aorta. 



Figure 21.15 Ventricular size disproportion seen in this 4-chamber view in 
a 26-weeks’ gestation fetus with COA. Right atrium (RA) and right ventricle 
(RV) are larger as compared with left atrium (LA) and left ventricle (LV). 
Left ventricle is not hypoplastic and forms the apex of the heart. 


and ascending aorta is integral to echocardiographic follow-up 
after COA repair. 

Although the relief of isthmic narrowing reduces the gra¬ 
dient across the aortic arch, associated arch shape irregularity 
such as Gothic geometry (Figure 21.21; Video 21.17) may result 
in systemic hypertension. This raises the concern about tech¬ 
niques used for primary repair to maintain adequate laminarity 
of the flow across the aortic arch in order to prevent or reduce 
the risk of systemic hypertension [23,24]. Other factors such as 
decreased compliance of the aortic wall and abnormal vascular 
reactivity may also contribute to systemic hypertension in these 
patients. 


balloon dilatation of multilevel narrowing, restenosis between 
the brachiocephalic trunk and the left carotid artery, or between 
the left carotid and the left subclavian arteries can be seen. 
Visualization of a stent implanted in the aortic isthmus in ado¬ 
lescents and adults can be difficult due to artifacts produced 
by acoustic reflections from the stent but is often adequate in 
younger patients (Figure 21.19). Important potential compli¬ 
cations after surgical or transcatheter treatment of COA that 
should be addressed by echocardiography include aneurysm for¬ 
mation and aortic dissection. Although difficult to image in 
detail in most patients, efforts should be made to evaluate vas¬ 
cular prostheses after extra-anatomic bypass (Figure 21.20). As 
with evaluation of native COA, comprehensive assessment of left 
ventricular inflow and outflow, mitral and aortic valve function, 
left ventricular size and function, diameters of the aortic root 


Interrupted aortic arch 
Definition 

Interruption of aortic arch (IAA) is a condition in which there is 
discontinuity between two adjacent segments of the aortic arch 
[25]. Aortic arch interruption should be distinguished from 
aortic arch atresia where there is anatomic continuity between 
the arch segments through a fibrous strand but the aortic lumen 
is completely obstructed. Because of their identical hemody¬ 
namic consequences, both conditions are discussed together in 
this chapter. 

Incidence 

In the New England Regional Infant Cardiac Program, the inci¬ 
dence of IAA was 19 per million live births or 1.3% of severe 
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Figure 21.16 Fetal coarctation with hypoplastic 
aortic arch (AOA), (a) Postmortem; (b) 
prenatal echocardiogram. Hypoplastic 
transverse arch between left carotid and left 
subclavian artery (asterisks). AO, ascendent 
aorta; DAO, descendent aorta. Source: (a) 
Courtesy of Viera Povysilova, Prague. 



Figure 21.17 Isthmic narrowing in fetal 
coarctation (asterisk) as seen in fetal sagittal 
view. Origins of all three neck arteries are 
indicated, long segment transverse arch 
between left common carotid artery and left 
subclavian artery supports prenatal diagnosis 
of aortic coarctation (see in the text). 



Figure 21.18 Flow acceleration across a narrow 
aortic isthmus (arrow) in a 33-weeks’ gestation 
fetus with COA. (a) Color Doppler flow 
mapping shows aliasing with a Nyquist limit of 
70 cm/s. (b) Hypoplastic aortic arch seen in the 
sagittal plane with the spine towards the 
transducer. Note the difference in size between 
the hypoplastic aortic arch (AOA) and the wide 
arterial duct (DA). AO, proximal aorta; DAO, 
distal aorta. 
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F i g u re 21.19 Recurrent co arctation of aorta 
(reCOA) in a patient after left subclavian flap 
aortoplasty (Waldhausen procedure), (a) 
Narrowing with flow acceleration seen by color 
Doppler flow mapping at the level of origin of 
the left subclavian artery, which was used to 
extend tubular aortic narrowing, (b) Stent 
implantation at the level of residual narrowing 
in a patient with recurrent coarctation 
(arrows). AOA, aortic arch; DAO, descendent 
aorta; LCAR, left carotid artery. 


congenital heart disease [26]. In the Pediatric Cardiac Care Con¬ 
sortium, a registry of congenital heart disease from 35 centers, 
the incidence of IAA in the first year of life was 262 of 9154 
(2.9%) [27]. Isolated IAA is rare and patency of the arterial 
duct and presence of VSD are common. In the National Fetal 



Figure 21.20 (a) Imaging of a Gore-Tex tube graft used to bypass tubular 
aortic arch hypoplasia from the left infraclavicular region, (b) Color 
Doppler flow mapping demonstrates laminar flow from ascending to 
descending aorta. 


Heart Screening Program of the Czech Republic (1986-2006), 
IAA accounted for 0.8% of all 1604 heart lesions detected in 
utero [13]. 

Etiology 

The etiology of IAA remains incompletely understood. Based 
primarily on morphologic observations, several investigators 
proposed that interruption, atresia, or hypoplasia of the aortic 
arch are secondary to reduced flow in the ascending aorta during 
fetal life [28,29]. A growing body of evidence suggests an impor¬ 
tant role for genetic anomalies, including chromosome 22qll 
microdeletion, DiGeorge syndrome, velocardiofacial (Shprint- 
zen) syndrome, conotruncal face anomaly syndrome, and sev¬ 
eral other syndromes [28-31]. A particularly strong association 
between chromosome 22ql 1 microdeletion and type B IAA has 
been reported [32]. In mouse embryos deficient for Gbx2 gene, 
aberrant cardiac neural crest cell patterning and defects in pha¬ 
ryngeal arch-derived structures are seen with abnormal devel¬ 
opment of the fourth pharyngeal arch arteries, including type 
B IAA, right aortic arch, and retroesophageal right subclavian 
artery [32]. In mice, conditional inactivation of GATA-6 - a 
transcription factor regulating morphogenetic patterning of the 
cardiac outflow tract and aortic arch - has resulted in perina¬ 
tal mortality from a spectrum of cardiovascular defects, includ¬ 
ing IAA and truncus arteriosus [33]. Recent research has impli¬ 
cated pi integrin in the development of aortic arch abnormal¬ 
ities. Mice deficient in pi integrin developed ascending aorta, 
arch and carotid artery abnormalities [34]. 

Morphology and classification 

Celoria and Patton classified IAA according to the site of inter¬ 
ruption in relation to the arch branches [35]. 
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Figure 21.21 (a) Schematic drawing of angulated Gothic arch (arrow) in association with coarctation, (b) Corresponding 2D echocardiogram as seen 
from the suprasternal view. Note the sharp convexity (arrow) of the aortic arch causing the flow turbulence, (c) “Gothic” arch appearance (arrow) in 
stented arch narrowing following primary coarctation repair by reversal subclavian flap. DAO, descendent thoracic aorta; LCAR, left carotid artery; LSA, 
left subclavian artery; RCAR, right carotid artery; RSA, right subclavian artery. 


Type A 

Type A IAA involves interruption distal to the origin of the 
left subclavian artery (Figure 21.22). This type accounts for 30- 
37% of cases. The arterial duct supplies the lower body and the 
ascending aorta supplies the upper body. From the standpoint 
of morphogenesis, type A IAA can be explained by involution 



Figure 21.22 Type A interrupted aortic arch distal to the left subclavian 
artery (LSA). The descendent aorta (DAO) is supplied via the arterial duct 
(arrow). The proximal aorta (AO) gives rise to all brachiocephalic arteries. 
BCT, brachiocephalic trunk; LCAR, left carotid artery; LPA, left pulmonary 
artery; PA, pulmonary trunk; RCAR, right carotid artery; RPA, right 
pulmonary artery; RSA, right subclavian artery. 


of both dorsal aortae distal to the fourth arches and proximal to 
the persistent sixth aortic arch on the same side of the interrup¬ 
tion. The anatomy is essentially identical to extreme coarctation 
and differs only in the absence of luminal continuity of the aor¬ 
tic isthmus (called aortic isthmus atresia). The atretic segment 
may be very short or, in case of a longer isthmus, the distance 
between both stumps can be several millimeters long. Aberrant 
origin of the right subclavian artery from the descending aorta 
occurs in ~5% of patients. 

Type B 

Type B IAA is defined by interruption between the left com¬ 
mon carotid and left subclavian arteries (Figure 21.23). This 
type accounts for 62-70% of cases. The arterial duct supplies 
the left subclavian artery and the lower body. In ~50% of cases 
the right subclavian artery arises aberrantly from the descend¬ 
ing aorta distal to the interruption (Figure 21.24). In these cases, 
the ascending aorta supplies only the head vessels. Type B IAA 
is likely due to involution or absence of the fourth aortic arch 
and of the dorsal aorta on the opposite side of the interruption. 
In cases with type B IAA and aberrant origin of the right sub¬ 
clavian artery, the morphology may be explained by involution 
of both fourth arches and the sixth arch on the side opposite 
to the interruption. The interruption is almost always complete 
and fibrous continuity between the arch segments is rare. The 
distance between the interrupted arch segments varies and may 
exceed 10 mm. 

In type B IAA, the VSD is considered an integral part of the 
anomaly with an incidence of 94-100% [27,36]. It is described 
as a conoventricular defect with posterior malalignment of the 
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DAO 


Figure 21.23 Type B interrupted aortic arch between the left carotid 
(LCAR) and left subclavian arteries (LSA). The descendent aorta (DAO) 
and left subclavian artery are supplied via arterial duct (arrow), 
brachiocephalic trunk (BCT), and left carotid artery (LCAR) supplied from 
the proximal aorta (AO). LPA, left pulmonary artery; PA, pulmonary 
trunk; RCAR, right carotid artery; RPA, right pulmonary artery; RSA, right 
subclavian artery. 

conal (infundibular) septum. The term conoventricular VSD 
refers to its location between the conal septum superiorly and 
the Y of septal band inferiorly [37]. The designation posterior 
malalignment refers to the posterior, inferior, and leftward devi¬ 
ation of the conal (infundibular, outlet) septum towards the left 
ventricular outflow tract. When viewed from the right ventric¬ 
ular aspect, the space between the superior and inferior limbs 


of the cranial termination of septal band, normally filled by the 
conal septum, is wide open. This leads to the subpulmonary 
location of the VSD when viewed from the right ventricle. When 
viewed from the left ventricle, the conal septum can be seen pro¬ 
truding into the subaortic area. The conal septum in type B IAA 
is often hypoplastic and short. The posterior, inferior, and left¬ 
ward malalignment of the conal septum into the left ventricular 
outflow tract leads to varying degrees of subaortic stenosis above 
the VSD [36]. Other anatomical variables that may contribute to 
subaortic stenosis in type B IAA include diffuse hypoplasia of 
the left ventricular outflow tract, an accessory anterolateral pap¬ 
illary muscle of Moulaert [38], and a discrete subaortic ridge or 
“membrane.” The aortic valve annulus is often hypoplastic. Bi- or 
unicommissural aortic valves with varying degrees of hypoplasia 
and/or stenosis have been reported in IAA [36,39]. 

Type C 

Type C IAA is defined as an interruption between the right and 
left common carotid arteries (Figure 21.25). The arterial duct 
supplies the left common carotid artery, left subclavian artery, 
and the descending aorta. This type accounts for 1% or less of 
cases [40,41]. 

IAA also occurs with other types of conotruncal anomalies, 
most commonly truncus arteriosus. In a series of 472 patients 
with IAA, 50 (11%) had truncus arteriosus [42]. The interrup¬ 
tion was between the left common carotid and left subclavian 
arteries (type B) in 84% of the cases. IAA is also associated with 
other lesions such as aorto-pulmonary window [43], interrupted 
right aortic arch [44,45], interrupted cervical arch [46], and 
others. 



Figure 21.24 Type B interrupted aortic arch with aberrant right subclavian 
artery. Interruption between the left carotid arteries (LCAR) and the left 
subclavian artery (LSA). The descending aorta (DAO), left subclavian 
artery (LSA) as well as the aberrant right subclavian artery (RSA) are 
supplied via arterial duct (arrow); the aberrant subclavian artery courses 
behind the trachea (TR) and esophagus (ESO). The proximal aorta gives 
rise only to both carotid arteries. PA, pulmonary trunk. 


Figure 21.25 Type C interrupted aortic arch between the brachiocephalic 
trunk (BCT) and the left carotid artery (LCAR). The descending aorta 
(DAO), left carotid artery (LCAR) and left subclavian artery (LSA) are 
supplied by arterial duct (arrow). The proximal aorta (AO) supplies only 
the right subclavian (RSA) and carotid artery (RCAR). LPA, left pulmonary 
artery; PA, pulmonary trunk; RPA, right pulmonary artery. 
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Pathophysiology 

Survival of newborns with IAA depends on a patent arterial 
duct. Spontaneous closure of the arterial duct leads to dimin¬ 
ished perfusion of the systemic vascular bed distal to the inter¬ 
ruption. Prompt initiation of prostaglandin infusion is life¬ 
saving. The pathophysiology is identical to critical COA with 
pulmonary hypertension. In many patients, clinical deteriora¬ 
tion with acute cardiovascular collapse progresses rapidly as the 
arterial duct closes and perfusion of major vascular beds rapidly 
decreases. Less commonly, patients with persistent arterial duct 
may present weeks or even months after birth with congestive 
heart failure, pulmonary overcirculation, and failure to grow. 
Without treatment, nearly 75% of patients die within the first 
month and almost 90% by the first year. 

Imaging 

Echocardiography allows comprehensive evaluation of the 
anatomy and hemodynamic manifestations of IAA and provides 
the information necessary for surgical planning in almost all 
patients [47-49]. Detailed description of the aortic arch, site 
of interruption, location of origins of brachiocephalic branches, 
distance between the interrupted aortic arch segments, status of 
the arterial duct, anatomy of the VSD, left ventricular outflow, 
aortic valve, and associated anomalies are important for plan¬ 
ning surgical repair. The goals and imaging strategy of echocar¬ 
diography in IAA are identical to those in COA (see earlier). 
Because of the frequent association between type B IAA and 
hypoplasia or agenesis of the thymus, particular attention is 
given to its presence and size [50]. The thymus is best seen from 
the subclavicular or suprasternal notch views as solid tissue. Its 
absence or markedly reduced size increases the likelihood of 
chromosome 22qll microdeletion. 

The aortic arch, brachiocephalic vessels, and arterial duct are 
imaged in the same way as in neonatal COA. Meticulous con¬ 
tinuous sweeps of the transducer in the transverse plane (index 
mark points to the patients left) demonstrate the ascending 


aorta in cross-section. From this view, the size of the ascend¬ 
ing aorta (usually small) relative to the main pulmonary artery 
is determined. Further cranial angulations of the transducer 
demonstrate the origin of the first branch off the aortic arch 
(Figure 21.26). This branch is then followed towards the neck 
to determine its identity - right innominate artery or right com¬ 
mon carotid artery. The caliber of the right innominate artery is 
approximately twice that of the left common carotid artery and 
it bifurcates into a right subclavian and right common carotid 
arteries. The latter has the same caliber as the left common 
carotid artery and can be followed to the neck without bifurca¬ 
tion (Figure 21.27). The site of interruption is then determined 
as the arch ends with the brachiocephalic artery proximal to the 
interruption - distal to the left subclavian artery in type A (Fig¬ 
ure 21.28; Videos 21.18 and 21.19), distal to the left common 
carotid artery in type B (Figure 21.29; Videos 21.20 and 21.21) 
[51], and distal to the right common carotid artery in type C. The 
distance between the interrupted arch segments is measured at 
the origins of the corresponding brachiocephalic arteries (Fig¬ 
ures 21.29 and 21.30). 

The arterial duct is imaged similar to neonatal COA. In IAA, 
the arterial duct forms an arch that should not be confused with 
the aortic arch (Video 21.21). Careful imaging of the pulmonary 
origin and aortic termination confirms the anatomic identity of 
the arterial duct (Figure 21.30; Video 21.22). Color flow map¬ 
ping and PW Doppler are used to determine the direction of flow 
through the duct (Figure 21.31; Video 21.21). Increased veloc¬ 
ity of the right-to-left flow jet indicates restriction of the arterial 
duct. 

The VSD in IAA is evaluated from the subcostal (Figure 
21.32; Videos 21.23 and 21.24), apical, and parasternal win¬ 
dows. The posteriorly deviated infundibular septum can be seen 
in these views as a short ridge protruding into the left ven¬ 
tricular outflow tract immediately below a hypoplastic aortic 
valve, leaving no infundibular septal tissue below the pulmonary 
valve. From an anteriorly angled apical view (5-chamber view), 
color flow mapping demonstrates preferential flow from the left 


Figure 21.26 Serial views to visualize aortic 
arch anatomy in a neonate with type B 
interrupted aortic arch, (a) Sagittal view 
oriented towards the right shoulder 
(transducer marker at 4-5 PM) demonstrates 
the brachiocephalic trunk (BCT) with normal 
branching patterns, (b) Sagittal view oriented 
towards the left shoulder (transducer marker at 
1-2 PM) shows only the left carotid artery 
(LCAR) with absent connection to the distal 
aorta, (c) Ductal view showing the distal aorta 
(LDAO) together with the left subclavian 
artery (asterisk) connected to the pulmonary 
trunk (PA) via restrictive arterial duct (arrow). 
AO, proximal aorta; RCAR, right carotid 
artery; RSA, right subclavian artery 
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ventricle to the right ventricle (Figure 21.33; Video 21.25). The 
flow velocity across the left ventricular outflow is usually not 
significantly accelerated despite the often narrowed subaortic 
region and the hypoplastic aortic valve. The reasons include 
decreased flow rate across the left ventricular outflow tract due 
to perfusion of only the head or the head and right arm (depend¬ 
ing on IAA location and origin of the right subclavian artery) 
and due to ventricular dysfunction. The parasternal long-axis 



Figure 21.28 Type A interrupted left aortic arch distal to the left subclavian 
artery (LSA). The descendent aorta (DAO) is supplied via arterial duct 
(arrow). AOA, aortic arch; LCAR, left carotid artery; LSA, left subclavian 
artery; PA, pulmonary trunk. 


Figure 21.27 Serial views in a neonate with 
type B interrupted aortic arch and aberrant 
right subclavian artery, (a) Rightward 
orientation of the transducer shows the 
proximal aorta gives rise to the right common 
carotid artery, (b) The left common carotid 
artery. Note the long-segment interruption 
(asterisk). Both subclavian arteries connected 
to the distal aorta (DAO) are supplied by 
arterial duct. The image shows only the left 
subclavian artery (LSA); the aberrant right 
subclavian artery is not documented here. 

view is particularly helpful for depiction of the VSD and the 
left ventricular outflow (Figure 21.34; Videos 21.26 and 21.27). 
The width of the left ventricular outflow and the aortic valve 
annulus are measured in this view. The preoperatively measured 
cross-sectional area of the left ventricular outflow tract has been 
shown to be smaller in neonates with IAA who develop subaortic 
obstruction postoperatively, with a left ventricular outflow tract 
(LVOT) area of <0.7 cm 2 /m 2 being a sensitive predictor [52]. 
A ratio of LVOT diameter to descending aorta diameter at the 
level of the diaphragm of <1.0 is a determinant of infundibu¬ 
lar resection to prevent postoperative subaortic stenosis (ratio 
in normal infants 1.3 ± 0.14) [53]. Real-time 3D echocardio¬ 
graphy allows visualization of left ventricular outflow obstruc¬ 
tion (Figure 21.35; Videos 21.28, 21.29 and 21.30). This en face 
view can be useful when considering relief of obstruction either 
at the time of primary repair or before reoperation. Similar views 
can be obtained using a transesophageal approach [54]. Detailed 
imaging of the aortic valve from the parasternal short-axis view 
demonstrates its morphology (Video 21.31). 

Prenatal assessment 

IAA does not usually adversely affect fetal physiology because 
the arterial duct bypasses the interruption. Prenatal echocardio- 
graphic examination of suspected IAA is conducted in the same 
way as in suspected COA (see afore-mentioned details). Simi¬ 
lar to COA, however, prenatal diagnosis of IAA remains chal¬ 
lenging (Figure 21.36). When imaging in the sagittal plane of 
the fetus, it is important to distinguish between the ductal arch 
and the aortic arch, especially when the latter is interrupted (Fig¬ 
ures 21.37 and 21.38; Videos 21.32 and 21.33). However, care¬ 
ful imaging of the aorta in the oblique sagittal and transverse 
planes can demonstrate the relevant anatomy. Presence of a typ¬ 
ical posterior malalignment VSD is an important clue to the 
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Figure 21.29 Type B interrupted aortic arch, 
(a) 2D imaging from a leftward-oriented high 
right parasternal view, (b) Color Doppler flow 
indicates the flow within the left carotid 
(LCAR) and left subclavian arteries (LSA). 
Note the long-segment discontinuity (arrow) 
between the left carotid and left subclavian 
arteries (LSA). PDA, arterial duct; RPA, right 
pulmonary artery. 



(a) 


(b) 


Figure 21.30 Imaging of type B interrupted 
aortic arch from the suprasternal window. The 
proximal aorta gives rise to the brachiocephalic 
trunk and left carotid artery (LCAR); the left 
distal aorta (LDAO) is supplied from the 
pulmonary trunk (PA) via restrictive arterial 
duct (asterisk). The short distance between the 
left carotid artery and distal aorta suggests a 
possible direct end-to-side anastomosis 
(arrows). AO, proximal aorta. 



Figure 21.31 Type A interrupted aortic arch. 
(a) Absent connection between the distal arch 
past the left subclavian artery (LSA, asterisk) 
and descending aorta (DAO). Color flow 
mapping indicates a laminar right-to-left flow 
across the arterial duct (arrow), (b) 
Pulsed-wave Doppler tracing in the arterial 
duct shows a right-to-left shunt with peak 
velocity 2.3 m/s and diastolic left-to-right 
shunt. AOA, aortic arch; LCAR, left carotid 
artery; PA, pulmonary trunk. 
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Figure 21.32 Subcostal views of the right 
ventricular outflow (a) and the left ventricular 
outflow (b) in a neonate with interrupted aortic 
arch. Unrestrictive conoventricular septal 
defect has muscular margins; infundibular 
septum (asterisk) is deviated posterior causing 
left ventricular outflow obstruction (arrow). 
AO, aorta; LV, left ventricle; PA, pulmonary 
trunk; RV, right ventricle. 


diagnosis of IAA (Video 21.34). Color flow mapping with the 
Nyquist limit at 60-100 cm/s without filtering low velocities dis¬ 
plays the bidirectional flow through the VSD. The defect is usu¬ 
ally larger than the diameter of the aortic annulus. Unlike COA, 
however, the 4-chamber view is often normal because the large 
VSD allows free communication between the ventricles. Imag¬ 
ing in the sagittal plane can show the VSD and the size discrep¬ 
ancy between the smaller ascending aorta and the larger main 
pulmonary artery. 

Therapeutic interventions and long-term 
echocardiographic follow-up 

Surgery is the only treatment available for patients with IAA 
and primary corrective surgery in the neonatal period is the 


preferred approach [27,42,55,56]. In most cases, primary anasto¬ 
mosis between the interrupted segments is possible after resec¬ 
tion of ductal tissue and extensive mobilization of the arch and 
descending aorta. When the gap between the interrupted aor¬ 
tic segments cannot be fully brought together, autologous peri¬ 
cardium or a prosthetic graft is used. However, every attempt 
is made to achieve connection between the proximal and distal 
segments through native tissue [57,58]. 

The goals and technique of the echocardiographic examina¬ 
tion after IAA repair are identical to those after COA repair. 
The risk of postoperative left ventricular outflow obstruction is 
high after type B IAA repair but it is also an important consid¬ 
eration after COA repair (Figure 21.39; Video 21.35). Detailed 
imaging of the reconstructed aortic arch can be hampered 
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Figure 21.33 Apical 5-chamber view ((a) 2D 
imaging and (b) color Doppler) in a neonatal 
interrupted aortic arch demonstrating a large 
ventricular septal defect with unrestrictive 
left-to-right flow (arrow), posterior deviation of 
infundibular septum (asterisk), and narrow left 
ventricular outflow tract. AO, ascending aorta; 
LA, left atrium; LV, left ventricle; RV, right 
ventricle. 



Figure 21.34 (a) Parasternal long-axis view in 
a neonatal interrupted aortic arch showing a 
large conoventricular septal defect (arrow) with 
unrestrictive left-to-right shunt seen by color 
Doppler flow mapping, (b) The asterisk 
indicates posterior deviation of the 
infundibular septum. Incomplete opening of 
the aortic valve is consistent with a bicuspid 
aortic valve. AO, aorta; LA, left atrium; LV, left 
ventricle; RV, right ventricle. 



Figure 21.35 Subcostal real-time 3D 
echocardiogram in a neonate with interrupted 
aortic arch, (a) Left ventricular outflow tract 
obstruction indicated by arrows in a 5-chamber 
view; (b) long-axis view; and (c) en face view 
though the aortic valve as seen by the surgeon 
(“aortotomy view” from above). Obstruction is 
formed by complete subaortic conus with 
aortomitral discontinuity. AO, aorta; LA, left 
atrium; LV, left ventricle; MV, mitral valve. 
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Figure 21.36 Postmortem finding in a 21-week-gestation fetus with type B 
interrupted aortic arch and aberrant right subclavian artery The proximal 
aorta (AO) gives rise to the right (RCAR) and left (LCAR) carotid arteries; 
the left (LSA) and right subclavian arteries are connected to the junction of 
the large arterial duct and distal aorta (arrow). No connective tissue was 
found between the proximal and distal aorta. PA, pulmonary trunk. Source: 
Courtesy of Viera Povysilova, Prague. 

by postoperative changes and intervening airways. Alternative 
noninvasive imaging modalities (e.g., MRI, CT) should be con¬ 
sidered when echocardiography does not provide adequate 
information. 
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Figure 21.37 A type A interruption in a 22-week-gestation fetus: 
interruption (arrow) between left subclavian artery (LSA) and distal (DAO) 
aorta. LCAR, left common carotid artery. 



Figure 21.38 Aortic arch viewed through the spine of a 23-week-gestation 
fetus showing a type B interruption. The arrow indicates no flow continuity 
between the proximal (AO) and distal aorta (DAO). LV, left ventricle. 


reproduced from Jan Marek: Paediatric and Prenatal Echocar¬ 
diography , with permission of Triton Books (Prague, Czech 
Republic). 


Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 21.1 An unusual aortic coarctation in the presence of a right 
aortic arch with an aberrant left subclavian artery. Discrete nar¬ 
rowing is seen between the right carotid artery (RCAR) and right 
subclavian artery (RSA). The first nonbifurcating neck artery turn¬ 
ing to the left suggests the presence of an aberrant left subclavian 
artery. 

Video 21.2 Imaging of a neonatal coarctation of the aorta (COA) 
from the suprasternal notch view. A coarctation ridge is located 
~5 mm below the origin of the left subclavian artery. An additional 
obstruction coexists at the aortic ampula of the arterial duct. Flow 
acceleration exceeding 1.24 m/s identified by color aliasing occurs at 
the site of aortic ductal tissue as well as at the level of the coarctation 
shelf. 

Video 21.3 Neonatal coarctation with severe transverse aortic arch 
hypoplasia with juxtaductal COA shelf as seen from the suprasternal 
view. In contrast to low-velocity antegrade flow across hypoplastic 
aortic arch on color Doppler, there is high-velocity flow on the right- 
to-left systolic shunt across the arterial duct. Diastolic left-to-right 
flow across the arterial duct indicates lower diastolic pulmonary 
artery pressure compared to systemic diastolic pressure. 

Video 21.4 A neonate with aortic arch hypoplasia and a large arte¬ 
rial duct connecting the pulmonary trunk and distal aorta. Note that 
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Figure 21.39 Left ventricular outflow tract 
obstruction (LVOTO) after IAA repair, (a) 2D 
long-axis view; (b) flow acceleration visualized 
by color Doppler flow mapping. LVOTO 
formed by hypertrophied and posteriorly 
deviated infundibular septum (arrow) and 
incomplete systolic opening of aortic valve 
suggest a bicuspid valve. AO, aorta; LA, left 
atrium; LV, left ventricle. 



the size of the arterial duct (9 mm) is nearly three times greater than 
the transverse aortic arch (3.5 mm). 

Video 21.5 Tight preductal coarctation of the aorta (COA) with a 
very restrictive arterial duct in a 1-day-old critically ill neonate. Tur¬ 
bulent, high-velocity flow exceeding the Nyquist limit of 82 cm/s 
can be detected in both the severe isthmic narrowing and the patent 
arterial duct (PDA). 

Video 21.6 Severe aortic isthmic hypoplasia (between the left sub¬ 
clavian artery and arterial duct) with minimal antegrade flow on 
color Doppler, in contrast to the high-velocity right-to-left shunt 
flow across the large arterial duct. 

Video 21.7 Neonatal coarctation imaged from the subcostal sagittal 
approach, similarly to the prenatal transabdominal view. 

Video 21.8 Coarctation of the aorta (COA) in a 12-year-old boy. 
Note the long aortic isthmus with a discrete shelf occluding the distal 
part of the aortic isthmus and the marked poststenotic dilation of 
the thoracic aorta. 

Video 21.9 Left subclavicular approach in the sagittal plane show¬ 
ing mild isthmic narrowing in 7-year-old child. The coarctation 
shelf is opposite to the aortic ampula of a functionally closed arte¬ 
rial duct. Flow acceleration across the aortic isthmus is seen on color 
Doppler flow mapping. 

Video 21.10 Coarctation of the abdominal aorta in an infant visu¬ 
alized from the subcostal sagittal view. Narrowing indicated by color 
Doppler flow is localized below the diaphragm and above the origin 
of the celiac arteries. 

Video 21.11 Ventricular size disproportion seen in the 4-chamber 
view of a 26-week-gestation fetus with coarctation of the aorta 
(COA). The right atrium and right ventricle are larger compared 
with the left atrium and left ventricle. The left ventricle is not 
hypoplastic and forms the apex of the heart. 

Video 21.12 Narrowing of the aortic isthmus is seen in this sagittal 
view of a 21-week-gestation fetus. The aortic ampula of the arterial 


duct is connected to the descendent thoracic aorta, whereas the 
transverse aortic arch is severely hypoplastic. 

Video 21.13 Narrowing of the aortic isthmus is seen in this sagit¬ 
tal view of a 21-week-gestation fetus. Flow acceleration across the 
hypoplastic arch is low in contrast to the high-flow velocity exceed¬ 
ing the 60 cm/s Nyquist limit, across the arterial duct. 

Video 21.14 Hypoplastic aortic arch in a 22-week-gestation fetus 
visualized from the sagittal view across the spine. Flow acceleration 
exceeding 75 cm/s starts between the left carotid and left subclavian 
arteries. 

Video 21.15 Severe preductal aortic arch narrowing contrasted 
with a large postductal descendent thoracic aorta in a fetus scanned 
at 32 weeks’ gestation. 

Video 21.16 Isolated aortic coarctation in a 21-week-gestation 
fetus. Flow acceleration identified by color flow aliasing (Nyquist 
limit 89 cm/s) appeared underneath the origin of the left subcla¬ 
vian artery visualized distal to the prominent left carotid artery in 
an otherwise good-caliber transverse aortic arch. 

Video 21.17 Neonatal aortic isthmic coarctation associated with 
a Gothic arch-shape irregularity as seen from the suprasternal 
view. 

Video 21.18 Neonate with type A interrupted aortic arch distal to 
the left subclavian artery visualized from the suprasternal notch. 
The descendent aorta is connected to the pulmonary trunk via the 
arterial duct. The distance between the distal and proximal aorta is 
about 5 mm. 

Video 21.19 Neonatal type A interrupted aortic arch with a com¬ 
mon origin of the brachiocephalic trunk and left carotid artery, 
and with a hypoplastic short transverse aortic arch between the left 
carotid and subclavian arteries. The relatively long segment inter¬ 
ruption between the left subclavian artery and distal aorta, which 
is supplied via the larger arterial duct with right-to-left shunt, is 
demonstrated on color Doppler. 
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Video 21.20 Type B interrupted aortic arch as seen from the 
suprasternal approach viewing the region of soft tissue between the 
left carotid and left subclavian arteries. The left carotid artery is sup¬ 
plied antegradely from the aorta, while the left subclavian artery is 
supplied via the arterial duct from the pulmonary trunk. The dis¬ 
tance between the proximal and distal aorta exceeds 10 mm. 

Video 21.21 Type B interruption in a neonate scanned shortly after 
delivery. The short interruption between the left carotid artery and 
the descendent thoracic aorta distal to the arterial duct is demon¬ 
strated on this 2D color Doppler echocardiogram. Note the left sub¬ 
clavian artery is not visualized because its origin is more posterior 
to the scan plane. 

Video 21.22 High parasternal short-axis view in a neonate with 
an interrupted aortic arch. The large pulmonary trunk trifurcates 
(“Neptune’s fork”) giving rise to right and left pulmonary arteries 
as well as to the large arterial duct widely connected to the descen¬ 
dent thoracic aorta. A connection with the aortic arch could not be 
identified. Note that the bicuspid aortic valve is also visualized in 
the center of the clip. 

Video 21.23 Ventricular septal defect in a neonate with an inter¬ 
rupted aortic arch visualized from a subcostal modified anterior 4- 
chamber view. The clip shows a large anterior muscular defect with 
posterior deviation of the infundibular septum and narrowed left 
ventricular outflow tract. 

Video 21.24 Ventricular septal defect in a neonate with an inter¬ 
rupted aortic arch visualized from a subcostal modified anterior 
4-chamber view. Color Doppler documented an important left- 
to-right systolic shunt across the nonrestrictive ventricular septal 
defect and laminar flow across the left ventricular outflow tract. 

Video 21.25 Ventricular septal defect in a neonate with an inter¬ 
rupted aortic arch visualized from an apical 4-chamber view tilted 
anteriorly (5-chamber view). The two-dimensional clips show a 
muscular outlet defect with posterior deviation of the infundibular 
septum and a narrowed left ventricular outflow tract. Color Doppler 
documented a left-to-right systolic shunt across the nonrestrictive 
ventricular septal defect and laminar flow across the left ventricular 
outflow tract. 

Video 21.26 Ventricular septal defect and left ventricular outflow 
track viewed from a parasternal long-axis view. A large ventricular 
septal defect was located in the outlet of the subaortic septum. The 
hypertrophied infundibular septum, together with the small (3.7- 
mm diameter) aortic valve, contributed to narrowing of the left ven¬ 
tricular outflow tract. Incomplete opening of the aortic leaflets sug¬ 
gests a bicuspid aortic valve. 

Video 21.27 Ventricular septal defect and left ventricular out¬ 
flow track viewed from a parasternal long-axis view. On the color 
Doppler clip, the laminar low-velocity flow across the left ventric¬ 
ular outflow tract suggests low systemic output due to high after- 
load in the presence of a large ventricular communication and lower 
postductal afterload. 


Video 21.28 Subcostal real-time 3D echocardiography clip in a 
neonate with an interrupted aortic arch. Left ventricular outflow 
tract obstruction visualized in a 5-chamber view demonstrates com¬ 
plete subaortic conus, separating the aortic valve from the mitral 
valve. 

Video 21.29 Subcostal real-time 3D echocardiography clip in a 
neonate with an interrupted aortic arch. Long-axis view through the 
aortic valve as seen by the surgeon (“aortotomy view” from above). 

Video 21.30 Subcostal real-time 3D echocardiography clip in a 
neonate with an interrupted aortic arch. En face view through the 
aortic valve as seen by the surgeon (“aortotomy view” from above). 

Video 21.31 Bicuspid aortic valve viewed from a parasternal short- 
axis view in a neonate with an interrupted aortic arch. Note that the 
ventricular septal defect is not seen as it is separated from the aortic, 
tricuspid and mitral valves by complete subaortic conus. 

Video 21.32 Interrupted aortic arch (type A) in a 22-week- 
gestation fetus. Aortic arch visualized by 2D and color Doppler from 
leftward-oriented sagittal transabdominal view (magnified clip). 
Antegrade flow is clearly visible within the left carotid and left sub¬ 
clavian arteries, whereas flow imaged within the distal aorta is com¬ 
pletely disconnected from the proximal aorta because the distal 
aorta is supplied from the arterial duct. 

Video 21.33 Aortic arch viewed through the spine showing a type 
B interrupted aortic arch in a 23-week-gestation fetus. There is no 
continuity visible on color Doppler between the proximal and distal 
aorta. 

Video 21.34 Left ventricular outflow tract, aortic root and ven¬ 
tricular septal defect in a 23-week-gestation fetus viewed from a 
5-chamber projection. Already at an early stage, posterior deviation 
of the infundibular septum causing obstruction can be identified. 

Video 21.35 Neonate after complete repair of an interrupted aor¬ 
tic arch, consisting of aortic arch reconstruction and closure of the 
ventricular septal defect. The left ventricular outflow remains small. 
Despite successful surgery, further echocardiographic follow-up is 
required to observe evolution of disease as progressive obstruction 
can develop with advancing age. 
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Definition 

In 1671, Niels Stenson first described the pathology of the syn¬ 
drome now known as tetralogy of Fallot (TOF). Etienne-Louis 
Arthur Fallot, in his seminal 1888 paper, debunked the pre¬ 
vailing theory that cardiac cyanosis (“la maladie bleue”) was 
due to right-to-left foramen ovale shunting. Fallot noted that 
most patients with cyanotic heart disease had an association 
of cardiac malformations that he coined “tetralogy” consisting 
of pulmonary stenosis, ventricular septal defect (VSD), dex¬ 
troposition of the aorta, and right ventricular (RV) hypertrophy 
[1-3]. Abbott and Dawson [4], in 1924, named this malforma¬ 
tion “tetralogy of Fallot.” 

In the nomenclature for TOF recommended by the Congen¬ 
ital Heart Surgeons Society, TOF is classified into three main 
groups: 

1 TOF with varying degrees of pulmonary stenosis 

2 TOF with common atrioventricular (AV) canal 

3 TOF with absent pulmonary valve. 

TOF with pulmonary atresia was classified under the category 
of pulmonary atresia with VSD [5]. Nonetheless, in this chapter 
pulmonary atresia with VSD is categorized as the most severe 
morphologic variant of TOF. 


Incidence 

TOF is the most common cyanotic congenital heart defect, with 
an incidence of 32.6 per 100,000 live births [6,7]. Survival of 
patients with TOF improved dramatically with the introduction 
of the Blalock-Taussig shunt in 1944 as the first palliative proce¬ 
dure for cyanotic congenital heart disease [8]. The contributions 
of Vivien Thomas to the development of this procedure have 
been belatedly recognized [9]. In the 1980s, surgical manage¬ 
ment strategies evolved into early complete repair [ 10], although 
initial medical and surgical mortality was reported to be as high 
as 28% [11]. Current surgical practices involve a complete repair 


with an effort to minimize or avoid RV outflow tract scar and 
to maintain functional integrity of the pulmonary valve (PV). 
There is now a large population of adults with repaired TOF, 
which has necessitated advances in diagnostic techniques and 
management [12]. 

Embryology, genetics, and 
environmental factors 

Embryology 

The pathognomonic conotruncal abnormality of TOF has been 
attributed to arrest in neural crest cell migration [13]. Studies 
in chick and mouse embryos have demonstrated the key role of 
the secondary heart field (SHF) from the anterior mesoderm in 
cardiac embryogenesis [13-16], including a significant role in 
conotruncal and RV development in humans [17,18]. Following 
primary heart tube looping, committed precardiac cells from the 
SHF migrate to the anterior pole, where they are incorporated 
into the outflow tracts. Neural crest cells influence and modu¬ 
late migration of the SHF. Ablation of the SHF or neural crest 
results in arrest of caudal migration of the committed precar¬ 
diac cells toward the aortic sac [19-23]. The consequent short 
outflow tract [24], failure of normal rotation of the conotrun- 
cus, and abnormal coronary arteries are typical of TOF [25]. 
This embryologic theory supports the hypothesis proposed by 
Van Praagh and colleagues, who demonstrated that the primary 
morphologic abnormality in TOF is an underdeveloped subpul- 
monary infundibulum [3]. 

Genetics 

The secondary precardiac mesoderm expresses NKX2.5 and 
GATA-4 transcription factors [16,19,20]. Gene defects affect¬ 
ing the expression of these transcriptional factors may explain 
the resultant conotruncal abnormality in TOF. Microdeletion of 
chromosome 22qll, seen in DiGeorge or velocardiofacial phe¬ 
notype syndromes, is a common example of a single gene defect 
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causing abnormal neural crest cell migration and resulting in 
TOF [18]. The prevalence of 22qll deletions among patients 
with TOF is much higher in patients with associated pulmonary 
atresia than in patients with TOF and pulmonary stenosis [26]. 

Approximately 50 syndromes associated with TOF have been 
identified [27]. Known chromosomal anomalies, syndromes, 
or single gene defects are associated with approximately one- 
third of the cases with TOF [28,29]. In one study of 64 patients 
with TOF and associated common AV canal, 88% had a genetic 
syndrome and extracardiac abnormalities, 67% had Down syn¬ 
drome, but none had 22qll deletion [30]. Genetic syndromes 
in the absence of abnormal pulmonary artery architecture have 
not been shown to be an independent risk factor for mor¬ 
tality in TOF repair [31], but they may affect perioperative 
outcomes [32]. 

Environmental factors 

Maternal diabetes, exposure to retinoic acid, maternal phenylke¬ 
tonuria, and trimethadione have been reported to be associated 
with TOF [33,34]. 

Recurrence risk 

The recurrence rate of nonsyndromic TOF varies between 2.5% 
and 3% if one sibling is affected, and is 8% if more than one sib¬ 
ling is affected. The reported risk of recurrence is 1.4% from an 
affected father, and varies between 0.9% and 2.6% for an affected 


mother. The recurrence rate also depends upon associated syn¬ 
dromes and genetic or environmental factors [35,36]. 


Morphology 

The conotruncus in TOF 

Tetralogy of Fallot comprises conoventricular VSD, overriding 
aorta, RV outflow tract obstruction, and RV hypertrophy (Fig¬ 
ure 22.1). However, the RV hypertrophy component is the con¬ 
sequence of prolonged systemic level RV pressures rather than 
being a primary morphologic feature. The principal develop¬ 
mental abnormality in TOF resulting in its components has been 
debated. There are two theories: 

1 Van Praagh et al. advocated that the principal morpho¬ 
logic abnormality in TOF is hypoplasia of the subpulmonary 
infundibulum, the latter consisting of the parietal band and 
the muscle or conus (which may be considered synonymous 
with infundibulum) subtended under the pulmonary valve 
[3]. The combination of a small subpulmonary infundibulum, 
or conus, and absence of subaortic conus results in the antero- 
cephalad deviation of the infundibular septum. According to 
Van Praagh, the normal aortic overriding of the ventricu¬ 
lar septum is exaggerated by the presence of a VSD in TOF 
and by the dilated aorta. The relationship between the aortic 
valve and pulmonary valve in severe TOF is often altered, with 
significant clockwise rotation of the conotruncus (as viewed 



VSD 


Right 
Ao Arch 


SB 


(a) 



Figure 22.1 Tetralogy of Fallot (TOF) with pulmonary stenosis, (a) Diagram showing anterior-leftward deviation of the infundibular septum (IS) relative 
to the muscular ventricular septum, narrowed subpulmonary infundibulum (Inf), pulmonary valve (PV) stenosis, right ventricular (RV) hypertrophy, 
aortic override, and right aortic arch. The ventricular septal defect (VSD) is enclosed anteriorly and postero-inferiorly between the limbs of the septal band 
(SB) and superiorly by infundibular septum and the junction of the anterior limb of septal band and RV free wall. This anterior malalignment type of 
conoventricular septal defect is typical of TOF. (b) Waxed heart specimen showing the right side of the heart of an infant TOF with pulmonary stenosis. 
Source: Courtesy of Dr. Paul Weinberg, Childrens Hospital of Philadelphia. AoV, aortic valve; I VC, inferior vena cava; MPA, main pulmonary artery; PA, 
pulmonary artery; RA, right atrium; TV, tricuspid valve; asterisk (*) denotes the infundibular septum. 
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Clockwise rotated conotruncus as 
viewed from apex 


(a) (b) 

Figure 22.2 (a) Normal relationship of the pulmonary valve (PV) in relation to the aortic valve (AoV) as viewed from the apex, (b) Clockwise rotated 
conotruncus typical of TOF with increased rotation and more inferior displacement of the pulmonary valve (PV) that is correlated with severity of TOF 
and coronary anomalies. 


from the cardiac apex) resulting in a rightward and more ante¬ 
riorly located aortic valve, and a leftward and more posteriorly 
situated hypoplastic pulmonary valve [3] (Figure 22.2). The 
degree of clockwise rotation also correlates with the severity 
of TOF and associated coronary anomalies. 

2 Becker et al. [1,37] and Anderson et al. [37,38] proposed that 
the principal abnormality in TOF is antero-superior deviation 
of the infundibular septum and not hypoplasia of the sub- 
pulmonary infundibulum. Because anterior deviation of the 
conal septum may be present without RV outflow obstruc¬ 
tion as in Eisenmenger type VSD (Figure 22.3) [39-41], there 
must also be concomitant hypertrophy or hypoplasia of the 
subpulmonary infundibulum to produce TOF morphology. 
The infundibular septal deviation theory also does not easily 
explain the morphologic variant of TOF with doubly commit¬ 
ted subarterial VSD, characterized by complete absence of the 
conal septum but hypoplasia of the pulmonary valve. 

In either scheme, the embryonic morphologic abnormality of 
conal hypoplasia or conal septal malalignment results in fail¬ 
ure of ventricular septation (VSD), subpulmonary or valvar pul¬ 
monary stenosis, and overriding of the aorta. 

Ventricular septal defect morphology 

The anterior malalignment type of conoventricular septal defect 
is typical of TOF [2,42]. Some authors have classified these 
defects as paramembranous or perimembranous [43]; however, 
most recognize the distinct nature of conal (infundibular or out¬ 
let) malalignment in TOF. The defect results from anterior, supe¬ 
rior, and leftward deviation of the conal septum, which fails to 
align with the crest of the muscular septum (Figure 22.4). The 
malalignment of conal septum results in a wide communicat¬ 
ing space between the ventricles rather than a deficiency, per 
se, in the “pars membranacea.” The boundaries of the defect are 
formed by: 


• Superiorly - the RV free wall and the aortic valve cusps, 
extending posteriorly to the tricuspid valve hinge point. 

• Anteriorly - the parietal band of the crista supraventricular is. 

• Inferiorly - the crest of the ventricular septum. 

• Posteriorly - the muscle extending from septal band to the 
posterior muscular septum, also called the posterior limb of 
septal band. This muscle also separates the aortic valve from 
the tricuspid valve and is often referred to as the ventriculo- 
infundibular fold, which forms the inner heart curvature in 
a structurally normal heart. The width of this muscle is vari¬ 
able, at times being represented as a thin fibrous ridge allowing 
approximation of the tricuspid valve to the VSD [43]. 

The VSD is thus enclosed anteriorly and postero-inferiorly 
between the limbs of the septal band, and superiorly by the conal 
septum and the junction of the anterior limb of septal band and 
RV free wall [37] (Figure 22.1). Absence of the conal septum 
and associated hypoplasia of the subpulmonary infundibulum 
and hypertrophy of the septoparietal band results in a variant 
of TOF with doubly committed subarterial VSD (Figure 22.5; 
Video 22.1), overriding aorta, and pulmonary annular hypopla¬ 
sia and stenosis [44]. 

The VSD in TOF is typically large but a restrictive defect has 
been reported in 1.5% of cases [45,46] (Figure 22.6). The mecha¬ 
nism of obstruction in nearly all the cases results from overlying 
abnormal or accessory tissue associated with the tricuspid valve. 
Rarely, myxomatous outpouching of the septal leaflet associated 
with Ebstein anomaly in TOF can result in a restrictive VSD 
[47]. Absolute small dimensions of the VSD caused by posterior 
deviation of the septal band and hypertrophy of the ventricular 
septum resulting in restriction to flow have also been described 
(Figure 22.7) [46]. 

TOF can also be seen in association with common AV canal 
defects characterized by an anteriorly malaligned conal septum 
in association with a predominantly Rastelli type C common 
AV valve (Figure 22.8) [37,48,49]. In the setting of complete 
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(c) 

Figure 22.3 Eisenmenger VSD. (a) Apical view showing aortic valve (AoV) partially overriding the crest of ventricular septum and subaortic ventricular 
septal defect (VSD). (b) Parasternal short axis in 2D demonstrating anterior deviation of the conal septum and a widely expanded subpulmonary 
infundibulum, (c) Parasternal short axis with color flow mapping showing left-to-right flow across the VSD and absence of obstruction across the right 
ventricular outflow tract and pulmonary valve (PV). LV, left ventricle; RV, right ventricle. 


common AV canal and TOF, VSD morphology is that of a sin¬ 
gle defect with confluent inlet and outlet components along with 
the typically anteriorly deviated conal septum. TOF may also 
occur in association with a rare variant of common AV canal 
in which there is an absent or diminutive atrial septal defect 
component [50]. 

Coronary arteries 

Clockwise rotation of the aortic root (as viewed from the car¬ 
diac apex), and the resultant rotated origins of the coronary 
arteries, is typical in TOF (Videos 20.2 and 22.3). Anomalies 
in the branching pattern of the coronary arteries are reported 
in approximately 5% of all cases (Figure 22.9) [51]. The most 
common anomaly, occurring in 3%, is origin of the left ante¬ 
rior descending (LAD) coronary artery from the right coro¬ 
nary artery (RCA) (Videos 20.4 and 22.5); this is followed by 


dual LAD in 1.8%, single RCA in 0.3%, single left coronary 
artery (LCA) in 0.2%, and coronary-to-pulmonary artery fis¬ 
tula in 0.2%. In an angiographic study, anomalies of coronary 
artery branching pattern were more prevalent in patients with 
the most prominent aortopulmonary rotation [52]. The extraor¬ 
dinarily rare “isolated infundibuloarterial inversion” in TOF is 
associated with the RCA crossing anteriorly across the subpul¬ 
monary infundibulum. Anomalous origin of the LCA from the 
pulmonary artery has been reported in patients with TOF [53]. 
Origin of the LCA from the noncoronary cusp can also occur; 
its clinical implication thus far is unclear. 

Coronary artery-to-pulmonary artery fistulae may rarely 
serve as a source of pulmonary blood flow in TOF with pul¬ 
monary valvar atresia or severe stenosis [54] (Figure 22.10; 
Video 22.6). Isolated coronary ostial stenosis or obstruc¬ 
tion has also been reported in the absence of any other 
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(a) (b) 

Figure 22.4 (a) Subxiphoid right anterior oblique view illustrating conal septal and RV free wall relationship. The RV outflow tract obstruction is due to 
conal septal deviation. Aliased flow at the os infundibulum is demonstrated by color flow Doppler, (b) Parasternal short-axis view to illustrate RV outflow 
tract obstruction. Ao, aorta; PV, pulmonary valve. 


coronary anomaly [55]. Acquired coronary cameral fistulae may 
be observed following surgery [56]. 

Variants and associated lesions 

TOF and double-outlet right ventricle 

Some authorities have categorized extreme dextroposition, or 
aortic overriding with more than 50% of the aortic annulus 
over the RV, as double-outlet right ventricle (DORV) [37,38]. 
Nonetheless, according to Van Praagh et al., the maintenance 
of aortic-to-mitral valve fibrous continuity or normally related 
great arteries is pathognomonic for TOF irrespective of the 
degree of aortic override or dextroposition [2,37]. This approach 
recognizes a wide spectrum of aortic overriding within TOF 
without imposing an arbitrary dichotomous cutoff between TOF 
and DORV depending on the percentage of aortic override. 



Figure 22.5 TOF with hypoplastic infundibulum and absent conal septum 
shown from the subxiphoid right anterior oblique view. 


Aortic-mitral fibrous continuity is also important in the predic¬ 
tion of postoperative left ventricular (LV) outflow tract obstruc¬ 
tion: progressive subaortic obstruction following repair of typi¬ 
cal TOF is rare [57]. However, progressive muscular hypertrophy 
causing subaortic obstruction may develop in cases of “TOF- 
like” DORV with retention of subaortic conus (see Chapter 25). 

TOF and double-chambered right ventricle 

Double-chambered right ventricle (DCRV) is an anomaly char¬ 
acterized by obstruction within the RV with or without an asso¬ 
ciated VSD (see Chapter 16). It can also present as a progres¬ 
sive lesion following corrective surgery for TOF [58]. DCRV is 
often misdiagnosed as TOF because both lesions have a VSD and 
subpulmonary stenosis [59]. However, in DCRV the primary 
morphologic abnormality resulting in subpulmonary stenosis is 



Figure 22.6 Restrictive ventricular septal defect is demonstrated in this 
patient with TOF and pulmonary atresia. Accessory tissue is billowing into 
the LV outflow tract. 
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Figure 22.7 TOF with small, restrictive ventricular septal defect secondary to hypoplasia of the ventriculo-infundibular fold, (a) Subxiphoid short axis 
demonstrating the small dimensions of the defect in the superior-inferior plane, (b) Parasternal long axis demonstrating the small dimension in the 
base-to-apex plane, (c) Restrictive left-to-right shunting at the VSD demonstrated by continuous-wave Doppler interrogation. 


either marked hypertrophy of the septoparietal trabeculations 
or moderator band, and/or abnormal displacement of the mod¬ 
erator band resulting in narrowing of the proximal infundibu¬ 
lar ostium. Unlike TOF, DCRV is typically associated with nor¬ 
mal size and morphology of the pulmonary valve and main and 
branch pulmonary arteries. Additionally, the VSD seen in DCRV 
is typically membranous rather than the malalignment type 
defect typical of TOR However, there are overlap syndromes that 
share features of DCRV and TOF, such as those with an ante¬ 
rior malalignment type of VSD and aortic overriding but with a 
morphologically normal pulmonary valve and a well-developed 
infundibulum; in these cases, the subpulmonary obstruction 
is limited to the proximal os infundibulum (Figure 22.11; 
Video 22.7). 


TOF with pulmonary atresia or extreme 
pulmonary hypoplasia 

TOF with pulmonary atresia is a severe form of TOF In addi¬ 
tion to valvar atresia (short-segment atresia) or valve and main 
pulmonary artery absence (long-segment atresia), this condi¬ 
tion is characterized by marked variability in the degree of pul¬ 
monary artery hypoplasia or absence and/or the presence of 
abnormal pulmonary arterial supply. The intracardiac anatomy, 
like other forms of TOF, typically consists of an enlarged and 
overriding aorta and an anterior malalignment VSD. In addi¬ 
tion, there is marked infundibular hypoplasia or subvalvar 
atresia due to extreme leftward deviation of the conal sep¬ 
tum, which may merge with the septal parietal band and RV 
free wall. 
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(a) (b) 

Figure 22.8 (a) Subxiphoid short-axis view in systole showing TOF with complete common atrioventricular canal defect, Rastelli type C, with anterior 
deviation of conal septum and flow acceleration in the RV outflow tract, (b) Subxiphoid short-axis view in diastole demonstrating the common 
atrioventricular valve. 


Diagnostic 

projection 



LAD from RCA 


Dual LAD 



Figure 22.9 Diagram of coronary artery 
patterns in TOF. br., branch; Cx, circumflex 
artery; LAD, left anterior descending coronary 
artery; LCA, left coronary artery; RCA, right 
coronary artery 


Single RCA Single LCA 
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Figure 22.10 Parasternal short-axis image of a large left coronary-to-left 
pulmonary artery fistula in a patient with TOF. LCA, left coronary artery; 
MPA, main pulmonary artery 

This defect was initially misclassified as truncus arteriosus 
type IV in the classification of Collett and Edwards [60]. 
However, Van Praagh and Van Praagh correctly defined and 
classified this entity as TOF with pulmonary atresia. This entity 
was also described as “pseudotruncus” by Bharati et al. [61]. The 
Congenital Heart Surgeons’ Society Nomenclature Committee 
classified TOF with pulmonary atresia under the umbrella of 
“Pulmonary atresia with VSD” [62]. The term “MAPCA(s),” 
or major aortopulmonary collateral artery, was coined by 
Macartney et al. [63]. 

TOF with pulmonary atresia can be further classified into 
three broad categories [62]: 

1 Native confluent branch pulmonary arteries are present, 
which supply all lung segments; patency of the ductus 


arteriosus maintains pulmonary circulation. Interruption of 
antegrade pulmonary blood flow may be limited to the level of 
the valve, as in valvar atresia, or include the main pulmonary 
artery, as in long-segment pulmonary atresia. 

2 Both native pulmonary arteries and MAPCAs are present; 
lung segments can have dual blood supply and the native pul¬ 
monary arteries may be supplied by either a ductus or MAP¬ 
CAs. The pulmonary atresia may be long-segment with con¬ 
fluent mediastinal branch pulmonary arteries (Figure 22.12) 
or with discontinuous branch pulmonary arteries. 

3 Native central pulmonary arteries are absent and MAPCAs 
supply the lung segments. Bronchial and pleural vessels can 
also be alternative sources of pulmonary blood flow. 

The size of the branch pulmonary arteries is inversely propor¬ 
tional to the extent of MAPCAs and presence of a ductus arterio¬ 
sus [64-67]. The angiographically determined Nakata index pre¬ 
dicts good outcomes of complete repair of TOF with pulmonary 
artery hypoplasia if the index is greater than 100 mm 2 /body sur¬ 
face area (BSA) [68]. 

Other rare variations in the morphology of TOF with pul¬ 
monary atresia have been reported, such as restrictive VSD 
[69,70], coronary artery-to-pulmonary artery fistula [49], and 
aortopulmonary window [69]. TOF with pulmonary atresia is 
associated with increased incidences of retroaortic innominate 
vein [71] and right aortic arch [61,72]. 

TOF with common atrioventricular canal defect 

A common AV canal (CAVC) in association with TOF is an 
uncommon variant, seen in 1.7% of all cases of TOF and in 
6.2% of cases with complete CAVC defects [48,49]. A very high 
incidence (87.5%) of genetic and extracardiac abnormalities is 
seen in this morphologic variant [73]. 



Figure 22.11 (a) Parasternal short-axis image of TOF with double-chambered RV variant. Note the deviated conal septum and prominent RV free wall 
muscle bundle resulting in narrowing of the proximal infundibular os but absence of infundibular hypoplasia and a normal pulmonary valve or distal 
infundibular os. AoV, aortic valve; PV, pulmonary valve, (b) Subxiphoid right anterior oblique view demonstrating the deviated conal septum and 
hypertrophied septal band resulting in double-chambered RV variant. Again note a well-expanded infundibulum and distal os infundibulum. 
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Figure 22.12 High left parasternal axial 
oblique color compare image showing 
diminutive, confluent mediastinal pulmonary 
arteries with retrograde flow in the right 
pulmonary artery on color flow mapping. LA, 
left atrium; LAA, left atrial appendage. 

Rastelli type C morphology of the common AV valve has been 
reported in 85% of cases of TOF with CAVC [48] (Video 22.8). 
The diagnosis of type A common AV valve morphology in TOF 
has been questioned by Suzuki et al., who argued that attach¬ 
ments of the superior bridging leaflet to the crest of a malalign¬ 
ment VSD are unlikely [49]. We have observed concomitant 
absence of conal septum in the setting of otherwise typical mor¬ 
phology for TOF with CAVC. A small or absent primum ASD 
component can also occur in this morphologic variant, which 
can increase the challenge of surgical correction of this lesion 
[50,74]. TOF may also exist in conjunction with a cleft mitral 
valve without a primum ASD [75]. 

TOF with absent pulmonary valve syndrome 

The prevalence of TOF with absent pulmonary valve is reported 
between 3% and 6% of TOF cases [76,77]. This anatomic vari¬ 
ant is characterized by the typical anterior malalignment VSD 
and overriding aorta, but is differentiated by hypoplasia of the 
pulmonary valve annulus with rudimentary leaflets causing pul¬ 
monary stenosis and regurgitation. The main and/or one or both 
branch pulmonary arteries are typically aneurysmally enlarged 
[78,79]. This lesion is usually associated with absent patent duc¬ 
tus arteriosus (PDA), and prenatal absence of the PDA has 
been demonstrated by fetal echocardiography [78,80]. Marked 
dilation of the pulmonary arteries is associated with variable 
degrees of bronchial compression and intraparenchymal pul¬ 
monary arteriopathy, and may cause severe neonatal respiratory 
distress. In the fetus, severe forms may lead to hydrops fetalis or 
fetal demise. 

Aortic arch anomalies 

Right aortic arch (RAA) is seen in approximately 25% of patients 
with TOF [81,82], and is often associated with an aberrant left 
subclavian artery [72]. Double aortic arch, persistence of the 


fifth aortic arch, or other morphologic variations of vascular 
rings may also be associated with TOF [63,83,84]. 

Right aortic arch with isolation of the subclavian artery or 
with aberrant origin of the left subclavian artery from the 
ascending aorta have been reported [85,86]. The isolated left 
subclavian artery can be supplied by the left vertebral artery (in 
which case the direction of blood flow is reversed) and may cause 
a subclavian steal phenomenon. Alternatively, the isolated left 
subclavian artery may be connected via a PDA to the main pul¬ 
monary artery. In the latter case, the left vertebral artery supplies 
the main pulmonary artery resulting in a congenital pulmonary 
artery steal [87]. 

Aortopulmonary defects and variations in 
pulmonary artery origin and bifurcation 

Aortic origin of branch pulmonary artery [88], unilateral 
absence of branch pulmonary artery, crossed pulmonary arteries 
[89], aortopulmonary window [90], and pulmonary artery slings 
[91] have been described in association with TOF. Crossed pul¬ 
monary arteries may be a marker for 22ql 1 deletion [92]. 

Left-sided lesions associated with TOF 

Isolated reports of supramitral stenosis, LV outflow tract 
obstruction secondary to adherent anterior mitral valve leaflet, 
and cleft mitral valve have been described in patients with TOF 
[42,75,93]. Other associated left heart lesions include aortic 
valve abnormalities (bicommissural, stenosis, or regurgitation) 
[94-96], coarctation of the aorta [96], LV diverticulum [97], and 
cor triatriatum [98]. 

Systemic and pulmonary venous anomalies and 
atrial septal defects 

In TOF, systemic and pulmonary venous anomalies may be 
seen independently or in association with heterotaxy syndrome 
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[99-101]. Subaortic (retroaortic) position of the innominate 
vein is more commonly seen in TOF with pulmonary atresia 
[71] (Video 22.9). Left superior vena cava to the coronary sinus 
(or rarely, to the left atrium) has been described in up to 11% of 
cases [102,103]. Left superior vena cava to left atrium without 
a connecting left innominate vein, if undiagnosed, can result in 
persistent hypoxemia following complete repair. Persistence of 
the levoatrial cardinal vein has also been reported [101]. Par¬ 
tially or totally anomalous pulmonary venous connection may 
be seen in association with TOF [104], rarely as part of scimitar 
syndrome [105]. Atrial septal defects, typically secundum type, 
are seen in 86% of cases [103]. Rarely, sinus venosus defects or 
coronary sinus septal defects occur in TOF [99,106]. 

Other rare associated malformations 

In TOF associated with heterotaxy syndrome, small left-sided 
structures including mitral stenosis and left ventricular hypopla¬ 
sia are often seen. Isolated infundibuloarterial inversion in the 
setting of atrial situs solitus, D-looped ventricles, and inversus 
normally related great arteries, or {S,D,I}, has been reported in 
TOF [107-109]. In the right side of the heart, Ebstein anomaly 
and double-orifice tricuspid valve (TV) have been reported 
[47,110]. The association of TOF with ectopia cordis (often in 
combination with other midline defects and ventricular diver¬ 
ticulum) is known as “pentalogy of Cantrell” [111]. 


Imaging 

Detailed echocardiographic assessment has made diagnostic 
angiography nearly obsolete in the routine preoperative assess¬ 
ment of TOF. However, angiography and cardiac magnetic res¬ 
onance (CMR) serve an important complementary role in the 
assessment of rare aortic arch anomalies as well as MAPCAs and 
hypoplastic branch pulmonary arteries in the setting of asso¬ 
ciated pulmonary atresia and in absent pulmonary valve syn¬ 
drome. CMR provides unique information about pulmonary 
vessels and airway architecture, both of which are important for 
surgical planning. 

Preoperative echocardiographic assessment 

Key elements 

In all cases, complete anatomic and functional examination by 
2D and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority. 

• Cardiac position and presence or absence of thymus. 

• Visceral and atrial situs and segmental diagnosis; conotruncal 
anatomy. 

• Pulmonary and systemic venous connections and atrial septal 
defects. 

• AV valve morphology and function. 


• VSD morphology, differentiating between malalignment, 
doubly committed subarterial, and AV canal types [112]. 
Rule out additional muscular ventricular septal defects. Assess 
for restriction to flow and determine the direction of VSD 
shunting. 

• Degree and morphology of RV outflow obstruction: assess 
conal septal size and position as well as additional muscular 
obstruction, as in DCRV. 

• Assess pulmonary valve annular diameter and valve morphol¬ 
ogy- 

• Determine main and branch pulmonary artery size and flow. 
Rule out anomalous origin or course of branch pulmonary 
arteries [e.g., left pulmonary artery (LPA) sling]. Evaluate for 
branch pulmonary artery hypoplasia, discrete stenosis, or dis¬ 
continuity, especially following ductal closure. 

• Subaortic and aortic valve morphology and function. 

• Image PDA origin from the aortic arch or from the brachio¬ 
cephalic arteries and rule out additional sources of pulmonary 
blood flow such as aorto-pulmonary collaterals. Distinguish 
PDA from MAPCA. 

• Determine aortic arch sidedness and branching pattern. 
Assess for vascular rings and other arch malformations. 

• Image coronary artery origins, branching, and flow; rule out 
anomalous origin of the LCA from the main pulmonary 
artery, anomalous origin of the LAD from the RCA, or 
other large coronary branches crossing the RV outflow tract 
that may complicate transannular patch repair or conduit 
placement. 

Organization of preoperative anatomic 
assessment 

Organized, systematic, and detailed imaging starting with the 
subxiphoid long-axis window is our preferred approach for 
accurate diagnosis of congenital heart disease (see Chapter 4). 
In TOF with moderate stenosis, sedation imposes an additional 
risk for a hypercyanotic spell due to the combination of intravas¬ 
cular volume depletion [from being kept NPO (nil per os) for 
sedation] and systemic vasodilation. Hence, whenever possible 
the details of branch pulmonary artery anatomy, arch morphol¬ 
ogy, and coronary morphology should be defined during a new¬ 
born examination. Neonates will often sleep soundly after feed¬ 
ing, allowing a comprehensive and detailed examination without 
sedation. 

Color flow mapping and spectral Doppler are crucial in 
refining the diagnosis, screening for subtle structural abnor¬ 
malities (e.g., coronary, arch and branch pulmonary artery) 
and, of course, in assessing the hemodynamics, as described in 
Chapter 6. 

Subxiphoid imaging 

The initial subxiphoid long-axis sweep demonstrates visceral 
and atrial situs, systemic venous connections, coronary sinus, 
and atrial septal morphology [113] (Video 22.10). The descend¬ 
ing aorta in its cross-section may be visualized to the left of the 
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spine, and through the course of the sweep it can be seen crossing 
over to the right of the thoracic spine. The VSD with overriding 
of the aorta may be seen as well as subpulmonary infundibu¬ 
lar hypoplasia and stenosis. Branch pulmonary arteries may also 
be identified from subxiphoid long-axis imaging as the RPA tra¬ 
verses from left to right above the atrial mass; the LPA and ductus 
are often better imaged with color Doppler flow mapping (Video 
22 . 11 ). 

The subxiphoid short-axis view defines the atrial septum, the 
entrance of the right upper pulmonary vein into the left atrium, 
VSD, RV hypertrophy, and muscle bundles within the RV that 
could result in additional intracavitary obstruction, as in DCRV. 
Cleft mitral valve and common AV valve are also well imaged in 
this plane. 

A modified right anterior oblique subxiphoid view is of 
exceptional benefit in viewing the subpulmonary infundibulum, 
inclusive of both the size of the conal septum and its displace¬ 
ment (Figure 22.11b; Video 22.12) [114]. This view is also use¬ 
ful for assessing additional muscle bundles contributing to RV 
outflow tract obstruction in the DCRV variant. 


Apical views 

Apical views demonstrate the AV valves, VSD, overriding aortic 
valve (Video 22.13). This view may also help identify other asso¬ 
ciated anomalies, such as left-sided obstructive lesions. Addi¬ 
tionally, the mechanism of atypical restriction of the VSD may 
be visualized (Video 22.14). 


Parasternal imaging 

Parasternal imaging may be limited if the thymus, which usu¬ 
ally provides a reliably good acoustic window, is absent. The 
parasternal long-axis view demonstrates the overriding aorta, 
aortic-to-mitral valve fibrous continuity (distinguishing TOF 
from its related type of DORV) (Figure 22.13; Video 22.15), VSD 
morphology, and pulmonary valve morphology as the trans¬ 
ducer sweeps leftward and anteriorly (Video 22.16). 

The parasternal short-axis view further defines VSD mor¬ 
phology, subpulmonary obstruction, infundibular hypertrophy, 
and deviation of the conal septum (Video 22.17). Extension 
of the edge of the VSD beyond the intercoronary commissure 
under the right and noncoronary cusps and bordering the pul¬ 
monary valve annulus in the absence of the conal septum defines 
a doubly committed subarterial defect in TOF [44]. 

Ductal views 

Imaging of the long axis of a ductus arteriosus is best per¬ 
formed from a high parasternal window in a sagittal plane or 
from the suprasternal notch long-axis view. At times, differen¬ 
tiating between a PDA and aorto-pulmonary collateral is diffi¬ 
cult because both may arise from the same location in the proxi¬ 
mal descending thoracic aorta. However, the termination of the 
vessel at the proximal branch pulmonary artery origin is con¬ 
sistent with a PDA, whereas aorto-pulmonary collaterals usu¬ 
ally insert more distally into the branch pulmonary arteries at 
or distal to the hilum. Additionally, orthogonal imaging in a 
coronal plane from a high left parasternal view will demonstrate 



(a) (b) 

Figure 22.13 Parasternal long-axis view, (a) Image of the large conoventricular septal defect (arrow) with the aortic valve overriding the ventricular 
septum. Note the fibrous continuity between the aortic and mitral valve (arrowhead), (b) Tilting the transducer toward the left shoulder demonstrates the 
pulmonary valve (PV), main pulmonary artery (MPA) and proximal right pulmonary artery (RPA). Measurements of the pulmonary valve annulus and 
MPA are shown. AAo, ascending aorta; DAo, descending aorta; LA, left atrium; LV, left ventricle; RV, right ventricle. 
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the site of ductal insertion into the proximal branch pulmonary 
artery to evaluate the possibility for development of peripheral 
pulmonary artery stenosis or discontinuity consequent to duc¬ 
tal closure. Crossed pulmonary arteries are diagnosed when the 
RPA originates inferiorly from the left aspect of MPA and the 
LPA originates more superiorly from the right aspect of MPA 
(see Chapter 18). 

High left parasternal imaging 

The high left parasternal view helps to evaluate the main and 
branch pulmonary arteries (Video 22.18). It is important to align 
the beam perpendicular to the pulmonary artery being inter¬ 
rogated by altering the window of interrogation for each pul¬ 
monary artery. High (subclavicular) left sternal border windows 
are usually best for the main and left pulmonary arteries. High 
(subclavicular) right sternal border windows are usually best for 
the RPA. Larger branch pulmonary arteries have a lesser likeli¬ 
hood of concomitant presence of aorto-pulmonary collaterals. A 
branch pulmonary artery diameter z-score of less than —2.5 had 
a sensitivity of 88% and specificity of 100% for the presence of 
one or more MAPCAs [64]. 

Suprasternal notch imaging 

Arch sidedness and branching pattern, retroaortic innominate 
vein (Video 22.9), partially anomalous venous connections to a 
systemic vein, double aortic arch, and vascular rings can be eval¬ 
uated from this view. Left superior vena cava to coronary sinus 
or directly to left atrium with an unroofed coronary sinus are 
best seen from this view or from a left parasternal window in 
the sagittal plane. 

Right parasternal views 

Imaging from this acoustic window is best performed with the 
patient in a right decubitus position. This window allows clear 
imaging of the atrial septum, right superior vena cava, and the 
right pulmonary veins in right parasternal short-axis, sagittal, 
and transverse imaging planes, respectively. “En face” common 
AV valve morphology in patients with TOF and common AV 
canal can also be seen well from this window in short-axis 
planes. 

Preoperative assessment by structures 

Atrial septum 

Color flow mapping of the atrial septum usually demonstrates 
the left-to-right shunting occurring in TOF even in the pres¬ 
ence of severe pulmonary stenosis. Bidirectional or right-to-left 
shunting may be present in newborns. 

Ventricular septal defect 

The flow across the large VSD is usually nonrestrictive and bidi¬ 
rectional; only rarely it is restrictive. The degree of RV outflow 
tract obstruction determines the direction of flow across the 
VSD - less pulmonary stenosis allows predominantly left-to- 
right shunting, and the clinical scenario of “pink” TOF. More 


severe pulmonary stenosis results in predominant right-to-left 
shunting and cyanosis. In the typical setting of a nonrestrictive 
VSD, RV peak pressures cannot exceed systemic levels. Suprasys- 
temic RV pressures in TOF can only occur in the setting of a 
restrictive VSD with pulmonary atresia or severe stenosis (Fig¬ 
ures 22.6 and 22.7) [112]. Also, in the setting of a nonrestric¬ 
tive malalignment VSD, additional muscular VSDs may be dif¬ 
ficult to identify. Therefore, it is essential to interrogate the 
muscular septum by color flow mapping with a low Nyquist 
limit to identify low-velocity shunting across these small defects 
(Video 22.19). 

In the rare preoperative TOF patient with pulmonary hyper¬ 
tension, as seen in Eisenmenger syndrome, the degree of right - 
to-left shunting across the VSD is affected by the presence of ele¬ 
vated pulmonary vascular resistance. Identification of a nonre¬ 
strictive source of pulmonary blood flow (such as an aortopul¬ 
monary window [ 115] or PDA [ 116]) is essential, as is the assess¬ 
ment for reversibility of pulmonary hypertension. Pulmonary 
venous obstruction has also been reported in association with 
TOF [117]. 

Right ventricular outflow tract and 
pulmonary arteries 

The level of obstruction can be determined by imaging and by 
sequential pulsed Doppler interrogation starting from within 
the RV cavity to the pulmonary valve annulus. In severe stenosis, 
antegrade flow may be demonstrated using a lower-frequency 
transducer that achieves a higher Nyquist limit; this allows less 
“aliasing” of the color flow map of the high-velocity flow across 
the stenotic outflow tract. Continuous-wave (CW) Doppler 
interrogation is essential to estimate the total maximal instan¬ 
taneous gradient, but accurate separation of the infundibular 
and valvar contributions to the total gradient is difficult with 
any Doppler interrogation technology (Figure 22.14). A dou¬ 
ble envelope is often noted with continuous-wave interroga¬ 
tion with the proximal late systolic peak representing proximal 
dynamic RVOT gradient. 

The need for a transannular patch repair may be predicted 
by the size of the PV annulus and PV morphology. The deci¬ 
sion for sparing the PV based on PV annulus size and associated 
supra-annular narrowing is surgeon- and institution-dependent. 
The following representative experiences have been reported: (i) 
PV annulus z-score >-4, tricommissural PV, and RV/LV pres¬ 
sure ratio <0.7 associated with pulmonary valve-sparing proce¬ 
dures [118]; (ii) no association of PV annulus z-score with ability 
to preserve the pulmonary valve [119], and (iii) PV annulus z- 
score <-1.3 more likely to have postoperative pulmonary steno¬ 
sis >30 mmHg [120]. 

In TOF with absent pulmonary valve syndrome, the severely 
dilated branch pulmonary arteries are readily apparent on subx- 
iphoid imaging (Videos 20.20 and 22.21), and pulmonary regur¬ 
gitation is easily demonstrated by color flow mapping (Videos 
20.21-22.23) and may be associated with diastolic flow reversal 
in the branch pulmonary arteries. 
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Figure 22.14 (a) RV outflow tract gradient by continuous-wave Doppler demonstrating a double envelope. The outer envelope with a parabolic shape 
reflects the total gradient. The envelope with a delayed systolic peak and the lower gradient is due to proximal RV outflow tract obstruction, (b) 
Pulsed-wave Doppler in the RV outflow tract demonstrates obstruction due to dynamic subpulmonary narrowing with a delayed maximal instantaneous 
gradient. 


In patients with TOF and long-segment pulmonary atresia, 
the left atrial appendage can mimic the central main pulmonary 
artery segment (Video 22.24); this can be further delineated by 
careful imaging and by demonstration of low velocity to-and- 
fro flow by color and pulsed-wave (PW) Doppler. Because of 
its position under the aortic arch, the retroaortic innominate 
vein may mimic central confluent branch pulmonary arteries in 
pulmonary atresia. Doppler interrogation demonstrates the con¬ 
nection of the retroaortic innominate vein to the internal jugular 
vein or superior vena cava and demonstrates the typical multi- 
phasic venous flow pattern of an innominate vein. 

Atrioventricular valves 

Color flow mapping from the apical window is used to assess the 
AV valve regurgitation that is usually seen in patients with asso¬ 
ciated malformations of the AV valves [e.g., Ebstein anomaly, 
double-orifice TV and mitral valve (MV), common AV valve, 
and cleft MV]. In the setting of significant mitral regurgita¬ 
tion without morphologic abnormalities and/or LV hypokine- 
sis, associated anomalous origin of the LCA from the pulmonary 
artery must be excluded. 

Aortic root dilation and regurgitation 

Standard measurements in parasternal views will identify root 
and ascending aortic dilation, commonly seen in TOF, and allow 
serial follow-up of aortic size. Aortic regurgitation is uncommon 
preoperatively; it is most often acquired postoperatively or sec¬ 
ondary to endocarditis. 

Coronary arteries 

The operator should employ the highest frequency transducers 
to achieve high-resolution coronary artery imaging. The Nyquist 


limit should be lowered on Doppler interrogation to accentuate 
low-velocity flow. 

The origin of the coronary arteries can be demonstrated from 
the short-axis image. Clockwise rotation of the origins as viewed 
from the apex, a common finding in TOF, may be appreciated 
in this view. The left main coronary artery and its bifurcation 
are elongated by clockwise rotation of the transducer from the 
short-axis into a transverse plane (Videos 20.3-22.5). Evalua¬ 
tion for a LAD coronary artery origin from the RCA crossing 
the RV outflow tract requires a careful sweep from the stan¬ 
dard reference view in the parasternal long axis, angling toward 
the left shoulder. Additional views that may be helpful include a 
high left parasternal cut in a transverse plane or a modified api¬ 
cal 4-chamber view angled anteriorly. Prominent crossing conal 
branches or dual LAD may be diagnosed in these sweeps, or 
occasionally from the most coronal extent of subxiphoid long- 
axis sweeps. Rare single RCA or LCA and anomalous origin of 
the LCA from the pulmonary artery may also be diagnosed. 
However, the echocardiographer must recognize that the tur¬ 
bulent pulmonary artery flow jets that characterize TOL may 
obscure the retrograde coronary flow emptying into the pul¬ 
monary artery 

With high-resolution parasternal imaging, color flow map¬ 
ping with a low Nyquist limit is used to confirm the coronary 
origins and branching patterns, as well as to exclude anoma¬ 
lous origin of the left coronary artery from the pulmonary artery 
(ALCAPA). Depressed ventricular function is usually present 
in the setting of ALCAPA, but if there is associated pulmonary 
hypertension, as in cases of TOP with minimal pulmonary 
stenosis or with nonrestrictive PDA, ventricular function may 
be normal. Coronary-cameral fistulae may also be detected by 
color flow mapping but coronary-pulmonary artery fistulae may 
be obscured by aliased pulmonary artery flow patterns due to the 
pulmonary stenosis. 
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Intraoperative and postoperative assessment 
after TOF repair 

Intraoperative echocardiographic assessment of TOF repair is 
almost always accomplished by using transesophageal echocar¬ 
diography (TEE) or, in situations where esophageal access is 
not possible, utilizing an epicardial approach. The goal of the 
intraoperative TEE evaluation should be aimed at identification 
of hemodynamically significant lesions that can affect immedi¬ 
ate postoperative management as well as long-term outcomes. 
Knowing the details of the surgical repair is essential to a suc¬ 
cessful intraoperative echocardiographic evaluation, and good 
communication between the surgeon and echocardiographer 
is paramount. Conventional echocardiography and TEE are 
important in the evaluation of the postoperative patient in the 
intensive care unit (ICU), especially to assess acute changes in 
clinical status. In addition to the TEE evaluation described in 
the following section, conventional echocardiography enables 
assessment of diaphragmatic motion and pleural or pericardial 
effusions. Conventional windows are often superior to TEE for 
assessment of the aortic arch and branch pulmonary arteries. 

Goals for intraoperative TEE evaluation 

• Residual VSD, including size, location, and gradient 

• Residual RV outflow tract obstruction, including location and 
gradient 

• PV regurgitation 

• Main and proximal branch PAs 

• Residual patent foramen ovale or ASD, including flow 
direction 

• TV regurgitation, including gradient (for estimation of RV 
systolic pressure) 

• Aortic valve regurgitation 

• RV size and function 

• LV size and function 

• Residual PDA, including size, flow direction, and gradient. 
Evaluation of the adequacy of TOF repair begins with the 

assessment of residual RV outflow tract obstruction, which can 
be achieved from transgastric longitudinal (Video 22.20) and 
mid-esophageal RV outflow tract imaging planes. Pulmonary 
valve function and branch pulmonary arteries can be evalu¬ 
ated from the appropriate mid-esophageal windows. Although 
RV systolic pressure can be estimated from Doppler interro¬ 
gation of tricuspid regurgitation, RV outflow tract, or residual 
VSD, the angle of interrogation must be optimized. When nec¬ 
essary, Doppler data should be confirmed by direct pressure 
measurements. 

The evaluation of surgical repair includes scanning for resid¬ 
ual septal defects. The impact of residual atrial septal communi¬ 
cations depends on the relative compliances of the right and left 
heart chambers. In the setting of RV dysfunction, which is com¬ 
mon after TOF repair, right-to-left atrial-level shunting results 
in postoperative hypoxemia. In this setting, right-to-left dias¬ 
tolic shunting may also be noted across a residual VSD, even 
in the setting of left-to-right systolic shunting. Small residual 


VSDs with restrictive flow may have no impact on postoper¬ 
ative hemodynamics. The assessment of hemodynamic signif¬ 
icance may be supplemented by direct intraoperative pressure 
and saturation data. Residual “intramural” VSDs occur when the 
VSD patch allows the blood to pursue a tortuous course within 
the myocardial trabeculations before exiting into the RV cav¬ 
ity. These defects are often quite small or unapparent initially, 
but may enlarge progressively on mid- to long-term follow-up. 
Occasionally, surgical closure of the large malalignment VSD 
may unmask previously undiagnosed additional small muscu¬ 
lar VSDs. 

It is important to assess tricuspid and aortic valve competence 
because either valve may be distorted by VSD patch closure. 
Postoperatively acquired small coronary fistulae are commonly 
seen following infundibular muscle resection; these hemody- 
namically insignificant fistulae often regress on follow-up exam¬ 
inations but may persist in the long term. 

Adults with TOF 

Unrepaired TOF in adults is rare. Surgical outcomes in adults 
with unrepaired TOF are generally good, with in-hospital mor¬ 
tality reported to be as low as 1.9% and significant functional 
improvement in the survivors. Evaluation of adults is different 
only in so far as obtaining adequate acoustic access may be more 
challenging. Otherwise, assessment should proceed as described 
earlier. 

Repaired TOF 

The evaluation of the adult with repaired TOF is focused 
at the assessment of factors that contribute to adverse out¬ 
comes. Increase in morbidity and mortality is attributed to the 
chronic hemodynamic burden imposed by residual pulmonary 
regurgitation, right ventricular outflow tract patch, right ven¬ 
tricular fibrosis, and ventricular dyssynchrony. This ultimately 
results in biventricular dysfunction and risk for arrhythmia or 
sudden death. The pathophysiology of pulmonary regurgita¬ 
tion and ventricular dysfunction is elegantly reviewed by Geva 
(Figure 22.15) [121]. 

Current standards for intervention for pulmonary valve 
replacement and risk stratification are based on CMR data. 
These include measures of severe RV dilation and RV systolic 
dysfunction. There is some variability in the recommended cut¬ 
offs used as an indication for surgery. A review of the litera¬ 
ture yields cutoffs of RV EDV >150-170 mL/m 2 , RV ESV >80- 
90 mL/m 2 , and RV EF <45-48% [121]. In addition, evidence of 
LV systolic dysfunction has been shown to correlate with RV 
systolic dysfunction [122]. There are ongoing efforts to better 
define risk factors for adverse outcomes, including an interna¬ 
tional multi-institutional registry titled the INDICATOR cohort 
[123,124]. 

Late echocardiographic assessment of adolescents and adults 
with repaired TOF involves assessments of RV and LV func¬ 
tional surrogates that have been correlated with CMR data and 
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Figure 22.15 Pathophysiology of pulmonary regurgitation after TOF 
repair. Source: Geva T. Repaired tetralogy of Fallot: the roles of 
cardiovascular magnetic resonance in evaluating pathophysiology and for 
pulmonary valve replacement decision support. / Cardiovasc Mag Reson 
2011;13.9. This is an Open Access article distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/ 
licenses/by/2.0). 


outcomes. The evaluation can be considered under the following 
three categories: 

1 Assessment of physiologic and hemodynamic parameters that 
influence outcome, including 

■ RV size and function 

■ LV function 

■ residual pulmonary stenosis or regurgitation 

■ tricuspid regurgitation 

Serious derangements in the above categories have a sig¬ 
nificant impact on long-term outcomes, risk for ventricular 
arrhythmias, and sudden death [124]. 

2 Assessment of anatomic criteria of unknown significance on 
outcomes: RVOT aneurysm, DCRV, aortic dilation, and aortic 
regurgitation. 

3 Echocardiography in pulmonary valve replacement (during 
and after transcatheter PV implantation, prosthetic PV, and 
RV-to-PA conduits). 


Assessment of RV size and function in repaired TOF 
RV size 

Echocardiographic surrogates shown to have some utility in 
diagnosis of increased RV volumes include RV apical indexed 
end-diastolic area <22 cm 2 /m 2 , which identified patients with 
RV EDV by CMR <170 mL/m 2 and TV annular tilt of 
<20 degrees, which correlated well with RV indexed EDV 
<150 mL/m 2 [125]. Recently, 3D echocardiographic mea¬ 
surements of RV size and function have been correlated 
with CMR-derived RV values. FFowever, because of systemic 
underestimation of RV dilation, 3D echocardiography cannot 
replace CMR for RV volumes in clinical decision making [126]. 


RV systolic function 

Echocardiography has limited ability to accurately quantify RV 
function in repaired TOF [127], and recent guidelines published 
for the assessment of the RV in adults should be used with cau¬ 
tion in the repaired TOF patient [128]. The more commonly 
used parameters for RV systolic function are TV annular peak 
systolic velocity (s'), isovolumic acceleration (IVA), tricuspid 
annular plane systolic excursion (TAPSE), myocardial perfor¬ 
mance index (MPI), and regional deformation indices such as 
strain and strain rate. 

Published data suggest that the use of TV annular s' <8.4 cm/s 
and IVA <95 cm/s 2 allowed identification of RV EF <45% [129]. 
In our experience [130], s' had a very weak correlation with RV 
volumes and poor sensitivity and specificity in predicting RV EF. 
Correction of these variables for age improved identification of 
patients with low RV EF [130-132]. The utility of these indices 
as a screening tool to identify those with poor RV systolic func¬ 
tion is only fair, but trending these indices in each patient over 
time may allow for using echocardiography as an adjunct and in 
spacing CMR evaluations. 

Measures of RV longitudinal function, such as s' and TAPSE, 
have been shown to be reduced in subjects with TOF compared 
with normal subjects. Fiowever, both s' and TAPSE are affected 
by age, volume, and pressure load [133]. The value of TAPSE is 
also limited by the presence of the regional dysfunction com¬ 
monly seen in this patient population [134,135]. A modified 
short-axis view has been proposed as being more sensitive for 
dysfunction in the evaluation of the postoperative RV [136]. 

There is a paradoxical decrease in MPI in the repaired 
TOF population with significant pulmonary regurgitation sec¬ 
ondary to shortening of the isovolumic relaxation time. This 
“pseudonormalization” therefore decreases the sensitivity and 
clinical utility of this index [137]. 

Evaluation of RV regional function both by CMR and myocar¬ 
dial deformation imaging has allowed for a better understanding 
of the pathophysiology and evolution of RV dilation and biven¬ 
tricular dysfunction. RV free wall strain decreases with increas¬ 
ing pulmonary regurgitation as does RV apical function. Assess¬ 
ment of dyssynchrony may have a role in postoperative TOF 
evaluation. An increase in interventricular delay of >55 ms has 
been correlated with increased risk for ventricular arrhythmia 
[138,139]. Additionally intraventricular dyssynchrony defined 
as delay in time to peak systolic strain for the sinus com¬ 
pared to that of the RV infundibulum increases with increasing 
pulmonary regurgitation and is correlated with increased QRS 
duration and arrhythmic events [140]. 

Dobutamine stress echocardiography in combination with 
Doppler tissue indices (DTI) has been used to study RV func¬ 
tional reserve. A higher degree of pulmonary regurgitation 
(PR) has a negative impact on RV functional reserve [141, 
142]. Decreased annular s' and e' DTI velocities correlate with 
decreasing peak oxygen consumption during exercise. Impor¬ 
tantly, RV systolic velocity is predictive of exercise capacity in 
repaired TOF. Exercise stress echocardiography allows not only 
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for assessment of increase in RVOT gradients but also for assess¬ 
ment of decreased cardiac output and increased dyssynchrony. 
The potential use of stress echocardiography as an indication for 
PVR has yet to be evaluated. 

RV diastolic function 

Abnormal right atrial emptying and antegrade flow within the 
RV outflow tract or pulmonary artery at end-diastole (dur¬ 
ing atrial systole) throughout inspiration and expiration has 
been shown to represent RV diastolic dysfunction, with a cor¬ 
relation with worse clinical status [143]. Reduced early filling, 
impaired relaxation and increased RA volumes are prevalent and 
are adversely affected by an increase in RV volume [144]. Poor 
RV compliance also adversely affects LV filling and diastolic 
function [145]. 

Assessment of LV function 

In addition to RV dilation and dysfunction, LV dysfunction - 
measured by CMR - has been shown to predict major adverse 
clinical events [122]. The demonstration of LV longitudinal dys¬ 
function by echocardiography (longitudinal strain and mitral 
annular plane systolic excursion) has also been shown to predict 
life-threatening arrhythmia and death in patients with repaired 
TOF [146]. 

Impaired LV function may result from adverse ventricular 
interactions secondary to the shared myocardial band of the 
right and left ventricles. The findings of RV dilation and dys¬ 
function, therefore, adversely impact LV performance in the 
repaired TOF population [147]. In a large multicenter, cross- 
sectional study with retrospective assessment of echocardio- 
graphic studies, LV systolic dysfunction (EF <55%) was reported 
in 21% of adults with repaired TOF [148]. 

Accurate quantification of LV function is limited by tradi¬ 
tional echocardiographic methods because of abnormal cham¬ 
ber geometry in the postoperative patient. Conventionally 
derived shortening fractions are unreliable secondary to nearly 
universal diastolic septal flattening, which affects the geo¬ 
metric assumptions that underlie the measurement. RV dila¬ 
tion may interfere with apical windows, because the RV apex 
often replaces the LV apex as the acoustic window. The 5/6 
area X length method for calculating ejection fraction (EF) has 
been demonstrated to more closely approximate CMR-derived 
LV EF than the biplane Simpson method [149]. 

Increased LV end-diastolic pressures are associated with 
increased RV end-diastolic volumes [150]. DTI indices are uni¬ 
formly reduced in repaired TOF and this may be a function of 
smaller LV size in this cohort or inherent abnormalities in func¬ 
tion secondary to ventricular interactions. Degree of impair¬ 
ment of RV compliance has been shown to correlate with larger 
RV dimensions and increase left atrial size and pronounced pul¬ 
monary venous reversal, which are surrogates of elevated LV 
end-diastolic pressures and left atrial pressures [145,151]. 


Assessment of pulmonary stenosis or regurgitation 

Doppler estimates of RV outflow tract obstruction or periph¬ 
eral branch pulmonary artery stenosis may be limited by sub- 
optimal angle of interrogation or overestimation due to pressure 
recovery. Appropriate alignment with LPA flow can be achieved 
from the high right parasternal or suprasternal notch windows; 
and with the RPA flow from the high left parasternal window. 
A pattern of continuous antegrade diastolic flow with a “saw¬ 
tooth” configuration is consistent with branch pulmonary artery 
stenosis. 

The degree of pulmonary regurgitation (PR) is determined by 
(i) regurgitation orifice area; (ii) RV compliance; (iii) diastolic 
pressure difference between the main pulmonary artery (MPA) 
and the RV; (iv) capacitance of the pulmonary arteries; and (v) 
duration of diastole [121]. 

MRI is the currently accepted standard for quantification of 
PR. Echocardiographic features that have been validated for 
assessment of degree of PR have been compared to pulmonary 
regurgitant fractions and not to regurgitant volumes [152]. 
Echocardiographic evaluation of PR may include assessment by 
the following criteria (Figure 22.16): 

1 Ratio of jet width/RV outflow diameter: mild <1/3; moderate 
1/3-2/3; and severe >2/3. 

2 Ratio of duration of PR/duration of diastole <0.77, which 
has been correlated with a PR regurgitant fraction >24.5% by 
CMR [153]. 

3 Pressure half-time <100 ms, which has been correlated with 
hemodynamically significant PR [154,155]. 

4 Presence of diastolic flow reversal in branch pulmonary arter¬ 
ies is associated with hemo dynamically significant PR [156]. 
Right atrial function contributes significantly to overall RV 

output and performance. The atrial function comprises the fol¬ 
lowing: reservoir, conduit, and pump function. Alterations and 
interdependence of right atrial filling, emptying, and RV EF have 
been demonstrated by speckle tracking and MRI. Clinical mea¬ 
sures of right atrial function have yet to be determined and uti¬ 
lized in routine practice [157]. 

Assessment of tricuspid regurgitation and right 
atrial enlargement 

Increased RV size due to PR can lead to annular dilation and 
an increase in tricuspid regurgitation that further aggravates RV 
volume overload. Tricuspid regurgitation is infrequently a major 
contributor to RV dilation in postoperative TOF unless there is 
an associated congenital tricuspid valve anomaly or inadvertent 
tricuspid valve damage during surgical repair. 

Right atrial enlargement is considered a risk factor for 
arrhythmias, and its size should be evaluated during routine 
follow-up. Assessment of right atrial size and function are also 
now of increasing value since right atrial function and atrioven¬ 
tricular mechanical and functional synchrony are integral to RV 
function [143]. Right atrial enlargement in the absence of signif¬ 
icant tricuspid regurgitation may signal the presence of restric¬ 
tive RV physiology. Although current data suggests use of 18 cm 2 
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Figure 22.16 Color flow Doppler mapping of 
the RV outflow tract (RVOT) in an infant with 
TOF and absent pulmonary valve syndrome. 
The left panel shows a systolic frame with 
antegrade flow from the RVOT to the main 
pulmonary artery (MPA). The right panel 
shows a diastolic frame with a wide jet of 
retrograde flow from the MPA into the RVOT. 



as an upper reference limit for RA end-systolic area [158], it 
should be noted that this cutoff value does not account for dif¬ 
ferences in body size. 

Role of multimodality imaging 

Comprehensive assessment of the anatomy and pathophysiology 
in the patient with repaired TOF often requires a combination 
of imaging modalities. The utility and limitation of each modal¬ 
ity (echocardiography, MRI, CT, nuclear, etc.) is summarized by 
Valente et al. [159]. 

Echocardiographic assessment for transcatheter 
PV implantation 

Assessment of suitability of RVOT morphology for transcatheter 
pulmonary valve implantation is an important component of 
follow-up care in most repaired TOF patients. The presence of 
conduit dysfunction with either stenosis or regurgitation is an 
appropriate indication for transcatheter PV implantation [160]. 
The following morphologic features should be assessed: 

1 RVOT diameter, with current requirements of <22 mm for 
the Melody® valve, and >16 mm and <24 mm for the Edward 
Sapien® valve. 

2 Presence of a transannular RV outflow tract patch. 

3 Adherence of the conduit to the chest wall, which is a risk fac¬ 
tor for early stent fracture. 

Assessment of transcatheter implanted PV 

A valve gradient of < 15 mmHg and less than mild PR are accept¬ 
able results of transcatheter PV implantation. In a multicenter 
study of short- and medium-term outcomes, the only indication 
for reintervention following Melody valve placement was RV 


outflow tract obstruction [161]. Valve stent fracture and endo¬ 
carditis have also been shown to be reasons for transcatheter- 
implanted valve failure. 

Prenatal assessment 

The diagnosis of TOF is often not obvious in the 4-chamber 
view. The LV outflow tract view or the 5-chamber view demon¬ 
strate aortic override, and on color flow mapping flow is directed 
from both ventricles into the aorta (Figure 22.17a). The basal 
short-axis view demonstrates the deviation of the conal septum, 
malalignment VSD, and subpulmonary stenosis (Figure 22.17b; 
Videos 22.25 and 22.26) The 3-vessel view (high axial cut of 
the superior vena cava, aorta, and main pulmonary artery) can 
demonstrate vessel size discrepancy, with the aorta being larger 
than the pulmonary artery (Figure 22.17c) [162]. The flow in 
the ductus arteriosus would be retrograde in case of severe pul¬ 
monic stenosis or atresia. Aortic arch sidedness and arch anoma¬ 
lies can be evaluated in the 3-vessel axial view, and the trans¬ 
mission qualities of the unexpanded fetal lungs can facilitate the 
prenatal diagnosis of vascular rings (Figure 22.18). 

The following echocardiographic measurements have been 
reported to be useful in predicting severity of postnatal pre¬ 
sentation and timing for intervention: poor PA growth, lower 
main PA, and PV z-scores; ascending aorta or PV/aortic valve 
ratio; elevation of Doppler velocities in the right ventricular out¬ 
flow tract; and retrograde flow in ductus arteriosus [163-165]. 
Escribano et al. demonstrated that a pulmonary valve peak sys¬ 
tolic velocity >87.5 cm/s predicted severity and timing of post¬ 
natal surgical intervention [165]. Recently, the absence of a 
patent ductus arteriosus and the degree of subpulmonary steno¬ 
sis (defined as a ratio of the minimum dimension of the prox¬ 
imal os infundibulum to the descending aorta of <0.47) in the 
early second trimester had a high sensitivity and specificity in 
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(c) 

Figure 22.17 Fetal echocardiography in TOF with pulmonary stenosis, (a) Long-axis view of the left ventricular outflow demonstrates a large aortic root 
overriding a ventricular septal defect (arrow), (b) Imaging of the anteriorly deviated conal septum (arrow) and the conoventricular septal defect (*). Note 
the hypoplastic infundibulum (Inf) and main pulmonary artery (MPA), (c) Transverse view of the fetal chest demonstrating the relatively small branch 
pulmonary arteries in relation to the dilated ascending aorta (AAo). DAo, descending aorta; LA, left atrium; LPA, left pulmonary artery; LV, left ventricle; 
RPA, right pulmonary artery; RV, right ventricle. 


predicting severity of neonatal TOF [166]. Based on our institu¬ 
tional experience we would recommend using the RVOT gradi¬ 
ent, degree of subpulmonary stenosis, and absence of a PDA in 
the early second trimester for counseling and directing delivery 
to a tertiary care center. 

Serial fetal echocardiographic evaluations are recommended 
to screen for progression of pulmonary stenosis or branch pul¬ 
monary artery hypoplasia. Mild pulmonary stenosis in the early 
second trimester may progress to severe stenosis or atresia by the 


late third trimester [163]. This impacts upon neonatal manage¬ 
ment and counseling of the parents. Amniocentesis for associ¬ 
ated chromosomal anomalies and fluorescence in situ hybridiza¬ 
tion (FISH) for microdeletion of chromosomal region 22qll 
should be suggested routinely as this also bears a significant 
impact on neonatal outcome. The association of intrauterine 
growth retardation, polyhydramnios, increased nuchal translu- 
cency, and aortic arch anomalies with TOF can predict 22qll 
deletion with a sensitivity of 88% [167,168]. The postnatal 
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Figure 22.18 Prenatal echocardiographic diagnosis of TOF with a vascular 
ring. The ring comprises a right aortic arch (RAA), aberrant origin of the 
left subclavian artery (ALSCA), and left patent ductus arteriosus (PDA), 
ant, anterior; post, posterior; It, left; rt, right. 


prognosis of isolated TOF is good but outcomes of fetal diagno¬ 
sis of conotruncal anomalies can be poor, mainly due to the fre¬ 
quent association with chromosomal or extracardiac anomalies, 
often leading to intrauterine or early neonatal death [169,170]. 

TOF with pulmonary atresia 

Pulmonary atresia with TOF can be valvar, short-segment 
involving just the valve and proximal main pulmonary artery, 
or long-segment atresia in which the entire main pulmonary 
artery segment is missing. With long-segment atresia, it is prog- 
nostically essential to determine if there are central confluent 
mediastinal pulmonary arteries, and, if present, their degree of 
hypoplasia. Pulmonary stenosis can be progressive and evolve 
prenatally into pulmonary atresia [171,172]. Pulmonary blood 
supply from multiple aortopulmonary collaterals can be seen 
prenatally [171,172]. With short-segment pulmonary atresia, 


hypoplastic branch pulmonary arteries may be supplied by a tor¬ 
tuous PDA or, in the setting of a right aortic arch, from a PDA 
arising from the proximal left innominate artery. 

TOF with pulmonary atresia may be mistaken for truncus 
arteriosus if the branch pulmonary artery origins are not clearly 
demonstrated. Both lesions share features of a large anterior 
malalignment VSD with overriding and enlarged semilunar 
root. Hence it is essential to image the origin or absence of 
branch pulmonary arteries when only one major vessel is seen 
overriding a malalignment VSD. It is also important to differen¬ 
tiate from truncus arteriosus the rare association of anomalous 
origin of a branch pulmonary artery from the ascending aorta 
with TOF. In the latter case, the contralateral branch pulmonary 
artery will be supplied by a separate, albeit small, pulmonary 
valve. 

TOF with absent pulmonary valve 

This lesion is easily diagnosed in utero because its key fea¬ 
tures stand out: the dysplastic pulmonary valve with steno¬ 
sis and regurgitation and the aneurysmal main or branch pul¬ 
monary arteries (Figure 22.19; Videos 22.27-22.29). The duc¬ 
tus arteriosus is typically absent. Progressive RV and MPA dila¬ 
tion can be associated with hydrops fetalis due to RV dysfunc¬ 
tion [80,173,174]. Neonatal outcome in published series was not 
predicted by the degree of pulmonary artery dilation but, as 
expected, outcome was poor in fetuses with hydrops [80]. Fetal 
MRI for assessment of associated lung and airway abnormalities 
may help predict postnatal outcome and management [175]. 

TOF with complete atrioventricular canal 

In this lesion, the 4-chamber view is abnormal because the VSD 
extends from the inlet to the outlet septum. It is important to 
determine whether there is a balanced versus unbalanced AV 
canal defect as well as the degree of any associated AV valve 
regurgitation. 


Figure 22.19 Fetal echocardiogram in TOF 
with absent pulmonary valve syndrome. The 
left panel shows a systolic frame with 
antegrade flow from the right ventricular 
outflow tract to a markedly dilated main 
pulmonary artery (MPA). The right panel 
shows a diastolic frame with pulmonary 
regurgitation jet into the right ventricle (RV). 
The arrow points to the location of the 
dysplastic pulmonary valve. 
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Associated genetic and extracardiac anomalies 

Poon et al. reported their experience with fetal diagnosis of 
TOF at a mean gestational age of 20.6 weeks [170]. Increased 
nuchal translucency measurement >95th percentile was com¬ 
mon (47%), but 19/37 fetuses had normal chromosomes. In their 
study cohort, 49% had chromosomal anomalies, including the 
22ql 1 microdeletion in 15, with additional extracardiac malfor¬ 
mations in 50% and additional cardiac malformations in 57%. In 
70/129 (54%) cases, the parents chose termination of pregnancy. 

Associated extracardiac anomalies can occur in up to approx¬ 
imately 30% of affected infants and children, and the incidence 
can be as high as 50-60% in fetal TOF. Important chromoso¬ 
mal and syndromic associations include microdeletion of chro¬ 
mosome 22qll, trisomies 21 and 18, pentalogy of Cantrell, 
VATER (vertebral anomalies, anal atresia, cardiac anomalies, 
tracheo-esophageal fistula, esophageal atresia, renal anomalies) 
or CHARGE (coloboma, heart defects, atresia of the choanae, 
retardation of growth, genital abnormalities, ear anomalies) 
association, tracheo-esophageal fistula, and omphalocele. Asso¬ 
ciation with cleft palate may suggest velocardiofacial syndrome 
[162,167,170,176]. Appropriate prenatal evaluation and coun¬ 
seling for TOF requires careful high-level screening for noncar¬ 
diac anomalies and chromosomal anomalies. 


Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 22.1 Subxiphoid right anterior oblique 2D and color flow 
imaging of TOF with hypoplastic infundibulum and absent conal 
septum. 

Video 22.2 Parasternal short-axis color compare images of promi¬ 
nent conal branch arising from the right coronary artery. AoV, aortic 
valve; PV, pulmonary valve. 

Video 22.3 Parasternal short-axis color compare images with 
rotated origin of the left main coronary artery with antegrade flow 
well seen in the left anterior descending. 

Video 22.4 Parasternal short-axis 2D image demonstrating a left 
anterior descending arising from the right coronary artery. 

Video 22.5 Parasternal short-axis color compare images showing 
the left anterior descending coronary arising from the right coro¬ 
nary artery and coursing down to the anterior interventricular 
groove. Ao, aortic valve; PV, pulmonary valve. 

Video 22.6 Parasternal short-axis color flow mapping of a large 
coronary artery-to-pulmonary artery fistula in a patient with pul¬ 
monary atresia in which the fistula serves as the source of pul¬ 
monary blood flow. 

Video 22.7 Subxiphoid right anterior oblique color compare imag¬ 
ing of TOF with double-chambered right ventricle variant. 


Video 22.8 Subxiphoid short-axis color compare of TOF with com¬ 
plete common atrioventricular canal defect (Rastelli type C). 

Video 22.9 Suprasternal notch coronal 2D and color flow imaging 
of a small retroaortic innominate vein in a patient with tetralogy 
of Fallot and long segment pulmonary atresia. Ao, aorta; Inn Vn, 
innominate vein. 

Video 22.10 Subxiphid long-axis 2D sweep demonstrating normal 
situs and normal cardiac segments in a patient with typical features 
of TOF. 

Video 22.11 Subxiphoid long-axis color compare imaging of con¬ 
fluent branch pulmonary arteries with ductal flow into the left pul¬ 
monary artery in setting of long segment pulmonary atresia. 

Video 22.12 Subxiphoid right anterior oblique color compare 
imaging demonstrating the anterior and superior deviation of conal 
septum (arrow). 

Video 22.13 Apical 4-chamber color compare imaging with ante¬ 
rior angulation to demonstrate the overriding aorta. 

Video 22.14 Apical 4-chamber color compare imaging showing 
aortic override and a restrictive, malalignment VSD with tricuspid 
valve-associated tissue partially obscuring the defect. 

Video 22.15 Parasternal long-axis 2D and color flow mapping 
demonstrating a large, overriding aorta and fibrous continuity 
between the mitral and aortic valves. Also note the dilated coronary 
sinus. 

Video 22.16 Parasternal long-axis image angled to the left and 
anteriorly to demonstrate the right ventricular outflow tract, pul¬ 
monary valve, and main pulmonary artery in this patient with 
TOF and multiple levels of obstruction starting at the proximal 
infundibular os, hypoplastic pulmonary annulus, sinotubular junc¬ 
tion, and proximal main pulmonary artery. 

Video 22.17 Parasternal short-axis 2D imaging demonstrating the 
deviated conal septum with significant dynamic obstruction of the 
right ventricular outflow tract. 

Video 22.18 High left parasternal sagittal 2D imaging of the 
pulmonary valve and main pulmonary artery demonstrating 
infundibular narrowing. This is the preferred view for measurement 
of the pulmonary valve annulus and main pulmonary artery. 

Video 22.19 Parasternal color flow mapping with a lowered 
Nyquist limit demonstrates multiple additional ventricular septal 
defects (VSDs) with bidirectional flow. 

Video 22.20 Subxiphoid long-axis 2D imaging of TOF with absent 
pulmonary valve syndrome and massively dilated branch pul¬ 
monary arteries. 

Video 22.21 Subxiphoid short-axis 2D imaging of TOF with absent 
pulmonary valve syndrome. 

Video 22.22 Subxiphoid right anterior oblique color compare 
imaging in this patient with TOF with absent pulmonary valve 
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syndrome demonstrates aliased to-and-fro flow across the right 
ventricular outflow tract and proximal pulmonary arteries. 

Video 22.23 Parasternal short-axis color compare imaging in this 
patient with TOF with absent pulmonary valve syndrome demon¬ 
strates pulmonary stenosis and regurgitation. 

Video 22.24 Parasternal short-axis image of a patient with TOF 
with pulmonary atresia showing a normal left atrial appendage seen 
where one would typically expect to see the main pulmonary artery. 

Video 22.25 Fetal echocardiogram - right ventricular basal short- 
axis or parasagittal “inflow-outflow” view. 

Video 22.26 Fetal color flow imaging demonstrating antegrade 
flow across the hypoplastic pulmonary valve without pulmonary 
regurgitation. 

Video 22.27 Fetal basal short-axis or parasagittal 2D image angled 
to show the dysplastic pulmonary valve in TOF. 

Video 22.28 Fetal sagittal imaging with a bicaval view demonstrat¬ 
ing massive dilation of the right pulmonary artery (rpa). 

Video 22.29 Fetal basal short-axis (“axial oblique”) color flow map¬ 
ping angled to show significant pulmonary regurgitation in this 
patient with TOF/absent pulmonary valve syndrome. 
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Truncus arteriosus 

In 1942 Lev and Saphir defined truncus arteriosus as an anomaly 
in which a single arterial trunk leaving the heart gives rise to the 
aorta, pulmonary arteries and coronary arteries [1]. This defini¬ 
tion has persisted and is supported by other authors [2-5]. The 
earliest known descriptions of this defect were made by Wilson 
in 1798, as reported by Van Mierop et al. [6], and by Buchanan 
in 1864 [7]. Primary surgical repair in infants is the treatment 
of choice and is usually undertaken upon diagnosis. It is now 
common for many patients who underwent neonatal repair of 
truncus arteriosus to reach adulthood. 

Definition 

Truncus arteriosus is defined as an anomaly in which a single 
arterial trunk arises from the ventricles and gives rise to the 
aorta, pulmonary arteries and coronary arteries. Although not 
part of the definition, an associated subtruncal ventricular sep¬ 
tal defect (VSD) is found in the majority of patients with truncus 
arteriosus. 

Incidence 

Truncus arteriosus is a congenital heart anomaly occurring in 
approximately 1-4% of patients with congenital heart defects 
[2,3,5,8]. The estimated incidence of truncus arteriosus is 9-11 
per 100,000 live births [9]. Without surgical intervention, trun¬ 
cus arteriosus is usually fatal, with a mean age of death of 2.5 
months [3]; 80% of children die during the first year of life [10]. 

Etiology 

Investigations using chick and mammalian embryos [11,12], as 
well as human studies, implicate a microdeletion at the 22ql 1.2 
locus as at least one factor in the genetic etiology of truncus 
arteriosus. This microdeletion manifests clinically as DiGe- 
orge syndrome (also known as velocardiofacial syndrome) [13]. 
The responsible gene within the 22qll.2 locus has not yet 


been definitively identified. Although the relationship between a 
chromosome 22ql 1 deletion and conotruncal lesions, including 
truncus arteriosus, is well established, preliminary studies sug¬ 
gest other putative mechanisms [12]. The single tube that com¬ 
prises the outflow tract in embryos undergoes septation into the 
aorta and the pulmonary trunk by means of a structure origi¬ 
nating from the neural crest, the aortopulmonary septum. This 
structure is affected in DiGeorge syndrome, resulting in truncus 
arteriosus. However, the remainder of the septation occurs by a 
different, less well understood mechanism, involving mesenchy¬ 
mal cells. It has been speculated that bone morphogenetic pro¬ 
teins (BMPs) maybe involved in this process, and mouse embryo 
studies have demonstrated mutations in BMP as causing trun¬ 
cus arteriosus and type B interrupted aortic arch [12]. Clearly, 
disruption of multiple embryologic steps is required for truncus 
arteriosus to develop. 

Patients with conotruncal anomalies are at increased risk for a 
chromosome 22qll microdeletion [14,15]. Fluorescence in situ 
hybridization (FISH) analysis for a chromosome 22ql 1 abnor¬ 
mality will detect a deletion in 35-40% of patients with truncus 
arteriosus [15-17]. Certain associated cardiac anomalies, such 
as right aortic arch, abnormal aortic arch branching pattern, or 
a combination of these two features, place these patients at even 
higher risk for the deletion [17]. 

In addition to the cardiac defects, DiGeorge syndrome can 
be characterized by facial dysmorphism, thymic hypoplasia, 
parathyroid hypoplasia resulting in hypocalcemia, learning dis¬ 
abilities and psychiatric disorders later in life. Patients with a 
22qll deletion and DiGeorge syndrome have been grouped 
under the unifying acronym CATCH 22 syndrome to emphasize 
their phenotypic components (Cardiac defects, Abnormal face, 
Thymic hypoplasia, Cleft palate and Hypocalcemia) [18]. Due 
to the high prevalence of a chromosome 22ql 1 microdeletion in 
patients with truncus arteriosus, the current recommendations 
are to screen all patients identified with this cardiac lesion. 
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Morphology and classification 

Developmental considerations 

Two ridges that appear in the conotruncal segment of the 4- 
5-week embryo create the normal differentiation of the trun- 
cus into the aorta and pulmonary artery These two ridges grow 
toward the midline and fuse to form the conotruncal septum, 
which divides the truncus into the proximal aorta and main 
pulmonary artery [19]. Ectomesenchymal cells derived from 
the cardiac neural crest contribute directly to aorticopulmonary 
septation [20]. The absence of conal cushion tissue, which dur¬ 
ing normal embryogenesis fuses with the muscular part of 
the interventricular septum to complete ventricular septation, 
results in the typical infundibular or outlet VSD. Ablation of the 
cardiac neural crest in chick embryos results in truncus arterio¬ 
sus, and partial ablation results in other conotruncal abnormal¬ 
ities, such as double-outlet right ventricle, transposition of the 
great arteries, and tetralogy of Fallot [21]. The ectomesenchy¬ 
mal cells also contribute to the development of the pharyngeal 
arches and thus to the thymus and parathyroid glands. An alter¬ 
native theory proposed by Van Praagh and Van Praagh [3] is 
that persistent truncus arteriosus is a form of tetralogy of Fal¬ 
lot combining pulmonary and infundibular atresia with failure 
of truncal separation - in essence an aortopulmonary window. 
Notably, neural crest abnormalities are found in tetralogy of Fal¬ 
lot, aortopulmonary window, and truncus arteriosus. However, 
in contrast to the aortic valve in tetralogy of Fallot, the truncal 
valve is often abnormal as described later in the chapter. 

Classification 

Collett and Edwards classified truncus arteriosus into four major 
types based on the sources of pulmonary blood supply (Fig¬ 
ure 23.1, top panel) [21]: 

Type I: short main pulmonary artery segment gives rise to both 
branch pulmonary arteries (Videos 23.1 and 23.2). 


Collett & Edwards 



Van Praagh 



Figure 23.1 Classification of truncus arteriosus. (Top panel) Collett and 
Edwards. (Bottom panel) Van Praagh and Van Praagh. See text for details. 


Type II: both branch pulmonary arteries arise from the common 
arterial trunk adjacent to one another with a rim of truncal 
tissue between them (Video 23.3). 

Type III: the branch pulmonary arteries arise from either side of 
the truncus and are somewhat remote from one another. 
Type IV (previously termed pseudotruncus): no pulmonary 
artery arises from the ascending segment of the truncus arte¬ 
riosus; the pulmonary circulation is supplied by collateral 
vessels from the descending aorta. This anomaly is now con¬ 
sidered a form of tetralogy of Fallot with pulmonary atresia 
rather than truncus arteriosus. 

The classification of Van Praagh and Van Praagh [3] (Fig¬ 
ure 23.1, bottom panel) modified the original classification of 
Collett and Edwards: 

Type I: the branch pulmonary arteries arise from a short main 
pulmonary artery. 

Type II: the branch pulmonary arteries arise directly from the 
arterial trunk through separate orifices. 

Type III: only one branch pulmonary artery arises from the 
ascending segment of the arterial trunk. Collateral vessels 
usually supply the contralateral lung. 

Type IV: truncus arteriosus with aortic arch hypoplasia, coarcta¬ 
tion or interruption (usually type B interruption distal to the 
left common carotid artery). In this anatomic variant there 
is usually a well-formed main pulmonary artery and a small 
ascending aorta (Video 23.4). 

In each of the above types of truncus arteriosus, a modifier “A” 
(with VSD) or “B” (intact ventricular septum) is used. 

Morphology 

Ventricular septal defect 

In the majority of cases there is a subtruncal VSD over which the 
truncal valve sits, similar to tetralogy of Fallot (TOF). Rarely, the 
ventricular septum is intact [22,23]. The conal septum is usually 
absent and the truncal valve is in direct fibrous continuity with 
the mitral valve. In rare circumstances, the truncal valve may be 
supported by a complete infundibulum and relates exclusively to 
the right ventricle. 

Truncal valve 

The truncal valve leaflets are often thickened because of the 
expansion of the spongiosa and fibrosa layers, and the leaflets are 
often described as nodular [24-26]. The number and morphol¬ 
ogy of the leaflets are variable [2-5]: trileaflet valve in 65-70% 
of patients, quadricuspid in 9-24% (Figure 23.2; Video 23.5) and 
bicuspid in 6-23%. Rarely, unicuspid [27] or pentacuspid valves 
are present. Truncal valve stenosis has been reported in ~33% of 
patients, and some degree of regurgitation is present in ~50% of 
patients (Video 23.6) [28]. 

Pulmonary arteries 

In the majority of patients, the branch pulmonary arteries arise 
from the posterior-left lateral aspect of the common trunk, 
either with a very short main pulmonary artery (type I; 48-68% 
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Figure 23.2 Parasternal short-axis imaging plane demonstrating the 
quadricuspid morphology of the truncal valve. LA, left atrium; RA, right 
atrium; RV, right ventricle. 


of patients) or directly via two distinct orifices (type II; 29-48%) 
[2,4,5,27,29]. In ~6-10% of patients only one branch pulmonary 
artery arises from the ascending aspect of the common trunk 
(type III). 

Coronary arteries 

The coronary artery pattern in truncus arteriosus is variable. The 
most common abnormality includes a higher and more poste¬ 
rior origin of the left coronary artery, which may result in the 
origin being in close proximity to the origin of the pulmonary 
artery [30,31]. A single coronary artery has been reported in 13- 
18% of cases (Video 23.7). Importantly, the coronary ostia may 
be narrowed or slit-like, resulting in significant coronary artery 
stenosis. Despite their highly variable origin, the distal coro¬ 
nary branches tend to follow a normal course [32]. There have 
also been reports of prominent diagonal branches off the right 
coronary artery; they parallel the course of the conus branch 
but are further down the anterior surface of the right ventri¬ 
cle. In addition, the conal branch off the right coronary artery 
may be prominent, distributing a network of vessels to the right 
ventricular outflow tract. The presence of coronary arteries in 
the infundibular free wall can complicate placement of the right 
ventricle-to-pulmonary artery conduit as part of the surgical 
repair [33]. In addition to abnormalities of coronary ostial posi¬ 
tion, cases of an intramural course opening into the pulmonary 
artery have also been reported [34]. 

Associated cardiac lesions 

The cardiac anomalies most frequently associated with trun¬ 
cus arteriosus involve the aortic arch. The aortic arch is right¬ 
sided in ~33% of patients [5]. Interrupted aortic arch occurs 
in approximately 19% of patients with truncus arteriosus (trun¬ 
cus type IV of Van Praagh) [35]. Conversely, approximately 12% 


of interrupted aortic arch anomalies have an associated trun¬ 
cus arteriosus. Type B interruption, between the left common 
carotid artery and the left subclavian artery, is the most common 
variant (Video 23.8). Other forms of interrupted aortic arch, 
such as type A, occur rarely (Video 23.4). An aberrant origin of 
the left or right subclavian artery (depending on aortic arch side) 
is common in patients with truncus arteriosus. A patent ductus 
arteriosus is almost uniformly absent in these patients except in 
those with an interrupted aortic arch. 

Whereas a left superior vena cava is found in approximately 
12% of patients with truncus arteriosus, other anomalies of sys¬ 
temic and pulmonary venous return are less common. Retro- 
aortic position of the left innominate vein is an anatomic vari¬ 
ant of systemic venous anatomy associated with truncus arte¬ 
riosus, particularly in those with a right-sided aortic arch. Par¬ 
tial anomalous pulmonary venous return has been reported in 
approximately 1% of patients, and an associated total anomalous 
pulmonary venous connection is rare [3,4,36]. Other anoma¬ 
lies rarely reported to accompany truncus arteriosus include: 
secundum atrial septal defect, partial and complete atrioven¬ 
tricular canal defects, mitral atresia, mitral stenosis, tricus¬ 
pid atresia, straddling tricuspid valve, Ebstein malformation, 
aortic atresia, hypoplastic left ventricle, double-inlet left ven¬ 
tricle, heterotaxy syndrome, and left pulmonary artery sling 
[37,38]. 

Pathophysiology 

The clinical presentation of truncus arteriosus is variable, but in 
most cases the dominant physiology is that of a large left-to-right 
shunt with pulmonary overcirculation. Typically, this physiol¬ 
ogy becomes clinically apparent over the first few days to weeks 
of life as the pulmonary vascular resistance decreases. The resis¬ 
tances in the pulmonary and systemic vascular beds determine 
the relative proportion of systemic and pulmonary blood flow. A 
widening pulse pressure accompanies the worsening pulmonary 
overcirculation as the pulmonary vascular resistance decreases, 
and the diastolic runoff into the pulmonary arteries results in 
reduction of diastolic arterial pressure. 

The oxygen saturation in patients with truncus arteriosus 
depends on the amount of pulmonary blood flow. Because the 
pulmonary blood flow is generally excessive, most infants with 
truncus arteriosus have only mildly reduced systemic oxygen 
saturation (typically >90%). In addition, the phenomenon of 
“streaming” can occur when there is a favorable spatial orien¬ 
tation of the branch pulmonary arteries relative to the VSD. 
This separates the oxygenated from the deoxygenated blood 
despite the absence of anatomic aortopulmonary septation, and 
can result in relatively normal oxygenation. If severe conges¬ 
tive heart failure develops, intrapulmonary right-to-left shunt 
due to inefficient gas exchange can lead to later cyanosis. 
If left unrepaired, increased pulmonary vascular resistance 
associated with obstructive pulmonary vascular disease may 
develop [39]. 
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Abnormalities of the truncal valve, either regurgitation or 
stenosis, may play an important role in the clinical course of 
infants with truncus arteriosus. In most patients, the stenosis 
and/or regurgitation are not severe enough to alter the presen¬ 
tation and initial clinical course. If severe truncal stenosis is 
present, the dominant physiology is that of biventricular out¬ 
flow obstruction. In patients with moderate or severe truncal 
valve regurgitation, the combination of left-to-right shunt and 
retrograde flow through the incompetent truncal valve results 
in severe left ventricular volume overload. In addition, the low 
diastolic blood pressure may result in compromised coronary 
perfusion resulting in myocardial ischemia. 

The systemic circulation in infants with interrupted aortic 
arch or severe coarctation depends on flow through a patent 
ductus arteriosus and, therefore, requires prompt diagnosis and 
administration of intravenous prostaglandin E x . Closure of the 
arterial duct will lead to low cardiac output and development of 
symptoms of shock. 

Management 

The management of truncus arteriosus consists of neonatal sur¬ 
gical repair. Improvements in surgical techniques and periop¬ 
erative management have enabled successful early repair, with 
a reported mortality of 5-11% [34,40-43]. Delayed surgical 
repair can result in development of pulmonary vascular obstruc¬ 
tive disease and myocardial dysfunction. Surgical repair is 
performed under deep hypothermia with either low-flow con¬ 
tinuous cardiopulmonary bypass or intermittent periods of cir¬ 
culatory arrest [44]. The pulmonary arteries are removed from 
the truncus, and the resultant opening is either closed primar¬ 
ily or with a patch. The VSD is closed with a patch. Continu¬ 
ity between the right ventricle and the pulmonary arteries is 
established using a cryopreserved homograft, or a valved het¬ 
erograft conduit. When significant truncal valve regurgitation 
is present in infancy, most surgeons now advocate repair of the 
truncal valve [42,44,45]. Replacement of the truncal valve at 
the time of initial repair is done only in the most severe cases 
[42,46]. Additional associated anomalies that have been iden¬ 
tified as independent risk factors for surgical mortality include 
interrupted aortic arch, coronary artery anomalies, and trun¬ 
cal valve pathology necessitating truncal valve surgery at the 
time of initial repair [40,41,47,48]. Following repair, progressive 
obstruction of the right ventricle-to-pulmonary artery conduit 
requiring replacement is expected and truncal valve dysfunction 
is common [49-56]. 

Echocardiographic imaging 

Key elements 

The goals of the echocardiographic evaluation of truncus arte¬ 
riosus depend upon the patients age, physiologic state and tem¬ 
poral relationship to surgical intervention. The initial evalua¬ 
tion requires a thorough assessment of all components of the 
anatomic features. In addition, the examination must also assess 


any of the typical or unusual cardiac anomalies associated with 
truncus arteriosus. The older child and adult require evaluation 
of the underlying anatomy as well as the status of any surgi¬ 
cal repair. In terms of the details of the components of each of 
these types of assessments, the following key elements must be 
delineated: 


Neonatal echocardiogram 

As part of a detailed, segmental evaluation of all aspects of 

cardiovascular anatomy and physiology, particular attention is 

focused on the following areas: 

• Presence of atrial communication. 

• Atrioventricular valve anatomy and function; presence of 
straddling chordae or valve tissue across the VSD. 

• Location and size of VSD; presence of additional VSDs (Fig¬ 
ure 23.3). 

• Ventricular size and function. 

• Morphology, location, and function of the truncal valve. 

• Pulmonary artery anatomy, including presence or absence of 
a main pulmonary artery segment, pulmonary artery branch 
position and size (Video 23.9). 

• Sources of pulmonary blood flow other than branch pul¬ 
monary arteries; e.g., ductus arteriosus and aortopulmonary 
collateral vessels (especially important when one of the branch 
pulmonary arteries does not arise from the ascending aorta). 

• Aortic arch anatomy (evaluate arch sidedness, hypoplasia or 
interruption). 

• Coronary artery origin and proximal course; relationships 
between coronary ostia and origin(s) of pulmonary arteries 
and truncal valve leaflets. 

• Associated lesions (e.g., persistent left superior vena cava, 
anomalous pulmonary venous connection, aberrant origin of 
the left or right subclavian arteries). 



Figure 23.3 Parasternal long-axis imaging plane demonstrating truncal 
override of the ventricular septal defect. LA, left atrium; LV, left ventricle; 
TR, truncal root; VSD, ventricular septal defect. 
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Postoperative echocardiograms 

Echocardiograms performed after the initial surgical interven¬ 
tion focus upon those aspects of cardiac anatomy and physiol¬ 
ogy that raised concern early on, or might be expected to develop 
over time. Areas of particular interest include: 

• Presence, size and flow velocity through residual VSD(s). 

• Truncal valve function and truncal root dimension. 

• Right ventricle-to-pulmonary artery conduit stenosis/ 
regurgitation. 

• Branch pulmonary artery stenosis. 

• Assessment of right ventricular systolic pressure. 

• Atrioventricular valve function. 

• Ventricular size and function. 

• Aortic arch (if obstruction or interruption noted at presenta¬ 
tion). 

Imaging of truncus arteriosus 

Truncus arteriosus can be accurately diagnosed using two- 
dimensional (2D) and Doppler echocardiography [57-60]. In 
most cases, echocardiography is sufficient to provide a com¬ 
plete preoperative assessment. In assessing truncus arteriosus by 
echocardiography it is crucial to have a clear understanding of 
the data required from the study, but also the limitations of this 
diagnostic modality so that alternative testing can be employed 
when needed. 

The echocardiographic examination should be systematic 
and organized so that details are not missed. The subcostal 
view provides an image of all aspects of the anatomy and is 
the preferred initial imaging approach in many centers. In the 
parasternal long-axis view, the presence of an overriding 
single semilunar valve, often with thickened leaflets, and a 
malalignment-type VSD provides a clue to the diagnosis of trun¬ 
cus arteriosus (Figure 23.3). Often one can also image the pul¬ 
monary artery arising from the posterior aspect of the truncus 
from that view (Figure 23.4). The truncal valve is well seen, and 
truncal regurgitation can be assessed by color Doppler. In many 
instances truncal stenosis can be suggested by the anatomic 
appearance of the valve. When there is truncal stenosis, the valve 
appears thickened and leaflet excursion is reduced. This view is 
inadequate for assessing the severity of truncal stenosis, because 
the Doppler cursor cannot be aligned parallel to the direction 
of flow across the valve. If there is an associated interruption of 
the aortic arch, the ascending aorta can be seen arising from the 
rightward aspect of the truncus (Video 23.10). An enlarged coro¬ 
nary sinus may indicate a left superior vena cava. 

From the parasternal short-axis view with the transducer 
angled superiorly above the level of the truncal valve, the origin 
of the pulmonary arteries from the left-posterior aspect of 
the truncus can be readily seen (Figure 23.5). This view is 
excellent to ascertain the type of truncus by imaging the branch 
pulmonary arteries. This view is also ideally suited for the 
assessment of truncal valve morphology, including its commis¬ 
sures and leaflets. Three-dimensional (3D) echocardiography 
may be particularly helpful for assessment of truncal valve 



Figure 23.4 Parasternal long-axis view showing the truncal valve 
overriding the VSD, with the main pulmonary artery arising from the 
posterior aspect of the truncal root (TR). MPA, main pulmonary artery; 
TR, truncal root; VSD, ventricular septal defect; RV, right ventricle; LV, left 
ventricle; LA, left atrium. 


anatomy. At the level of the truncal valve, the location of the 
VSD can be determined. The VSD is usually within or superior 
to the Y of septal band, and when this is the case, a rim of muscle 
appears adjacent to the tricuspid valve in the short-axis view. If 
the VSD extends to the tricuspid valve in this view, it involves 
the membranous septum. The coronary arteries may be imaged 
in this view by rotating the transducer clockwise. To image the 



Figure 23.5 Parasternal short-axis view demonstrating separate origins of 
the pulmonary artery branches from the posterior aspect of the truncal 
root (truncus arteriosus type II). LPA, left pulmonary artery; RPA, right 
pulmonary artery; TR, truncal root. 
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Figure 23.6 Apical 4-chamber view swept 
anteriorly to show the truncal valve (overriding 
the right ventricle). There is a broad jet of 
truncal regurgitation noted emanating from the 
truncal valve and extending deep into the right 
ventricle. AO, aorta; MPA, main pulmonary 
artery; TrV, truncal valve. 


relationship of the coronary artery to the pulmonary artery, one 
must angle the transducer superiorly and inferiorly such that 
the coronary artery and the pulmonary artery are imaged in the 
same plane. The parasternal long-axis view and the subcostal 
coronal view are also helpful in imaging the relationship of the 
coronary artery to the pulmonary artery, as they can often be 
seen in the same plane. 

Parasternal as well as suprasternal views allow assessment for 
the presence of a patent ductus arteriosus. Although typically a 
patent ductus arteriosus is only seen in the presence of aortic 
arch hypoplasia/interruption, rarely it may occur in those with 
a normal aortic arch [61]. 

The parasternal long-axis and apical 4-chamber views are 
most helpful in identifying additional muscular VSDs through 
the use of color Doppler. The typical large malalignment VSD 
is seen when the transducer is angled anteriorly toward the out¬ 
flow tract, and the degree of truncal override can be assessed. 
This view is also particularly helpful for assessing truncal regur¬ 
gitation and stenosis (Figure 23.6). The Doppler beam can be 
aligned parallel to the flow from this view, and an accurate 
Doppler gradient can be measured when truncal stenosis is 
present. The relationship between the pulmonary artery origin 
and the truncal root can be clearly imaged by angling anteriorly 
(Figure 23.7; Video 23.11). 

The subcostal view provides an image of all aspects of the 
anatomy. At the atrial level the atrial septum can be imaged 
and the pulmonary veins can be seen entering the left atrium. 
As the transducer is swept anteriorly, the truncal valve overrid¬ 
ing the VSD can be imaged. In addition, the branch pulmonary 
arteries and their origin from the truncus can be well seen (Fig¬ 
ure 23.8; Video 23.12). The right pulmonary artery can usually 
be imaged just inferior and posterior to the truncus. The main 
pulmonary artery segment and the branch pulmonary arteries 
can be seen arising from the truncus, and the coronary arter¬ 
ies can be imaged in this view. The subcostal view provides an 


image of the ascending aorta when the aortic arch is interrupted. 
The ascending aorta arises slightly rightward and superior to the 
truncal valve. If one tilts the transducer superiorly, the bifurca¬ 
tion of the ascending aorta into the innominate and left carotid 
arteries can be imaged. Doppler interrogation of the abdominal 
aorta is utilized to detect diastolic flow reversal related to runoff 
into a low resistance pulmonary vascular bed and/or truncal 
valve regurgitation. 

The suprasternal notch view provides the best imaging of 
the aortic arch and allows for determination of arch sidedness. 
Long-axis views can be very helpful in demonstrating aortic arch 
interruption (Video 23.4). However, careful suprasternal notch 



Figure 23.7 Apical 4-chamber view swept anteriorly to show the main 
pulmonary artery segment arising from the left lateral aspect of the truncal 
root, with subsequent bifurcation into left and right branch pulmonary 
arteries (LPA, RPA). MPA, main pulmonary artery segment; RA, right 
atrium; RV, right ventricle; TR, truncal root. 
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Figure 23.8 Subcostal coronal view swept anteriorly to show the truncal 
root and the origin of the main pulmonary artery segment from the left 
lateral aspect of the truncus, with subsequent bifurcation into right and left 
pulmonary arteries. LPA, left pulmonary artery; MPA, main pulmonary 
artery segment; RA, right atrium; RPA, right pulmonary artery; RV, right 
ventricle; TR, truncal root. 

short-axis views are extremely helpful to document truncus with 
aortic arch interruption (Video 23.13). When the aortic arch is 
interrupted, the descending aorta is supplied by the ductus arte¬ 
riosus, which forms a ductal arch. Tilting the transducer to the 
left of the patients sagittal plane can image the ductal arch. The 
ductal arch can be differentiated from the aortic arch by sweep¬ 
ing to the right and left and imaging the ascending aorta as a sep¬ 
arate structure. Doppler interrogation of the descending aorta 
typically elicits diastolic flow reversal related to flow into the pul¬ 
monary arteries and/or presence of truncal valve regurgitation. 

Prenatal assessment 

Many cases of truncus arteriosus are now diagnosed prenatally 
by fetal echocardiography. The pregnant woman in whom the 
diagnosis of a fetus with truncus arteriosus is considered may 
come to attention because of (i) a family history of congenital 
heart defect (typically a relative with a conotruncal defect); (ii) 
abnormal screening amniocentesis or chorionic villus sampling 
(often a 22ql 1 microdeletion by FISH); (iii) concern regarding a 
cardiac defect when the fetus is found on obstetrical ultrasound 
to have extracardiac anomalies (e.g., an abnormality of the palate 
in the patient with 22qll deletion); or (iv) the identification of 
a cardiac anomaly on routine obstetrical ultrasound screening. 

The frequency of prenatal diagnostic screening has increased 
dramatically over the past decade, as obstetrical ultrasonic 
cardiac screening techniques have become more standardized 
[62]. The accuracy of the identification of complex fetal car¬ 
diac anatomy has been well established. Tometzki et al. [63] 
reported their ability to diagnose a constellation of conotrun¬ 
cal defects, including fetuses with truncus arteriosus. Focused 


studies on the prenatal diagnosis of truncus arteriosus have also 
been performed, including the assessment of the associated car¬ 
diac anomalies [64,65]. These studies have shown a high degree 
of diagnostic accuracy for the overall identification of truncus 
arteriosus, including identification of VSD position, aortic arch 
anatomy, truncal valve pathology, and pulmonary artery archi¬ 
tecture. However, the differentiation between truncus arteriosus 
(origin of the branch pulmonary arteries from the truncus) and 
tetralogy of Fallot with pulmonary atresia (no pulmonary arter¬ 
ies arising from the ascending aorta) continues to be challenging 
in the fetus. In addition, there are well-recognized variables in 
the accurate definition of fetal cardiac anatomy, including oper¬ 
ator experience, fetal position, maternal body habitus, and ges¬ 
tational age. Nevertheless, the ability to provide accurate prena¬ 
tal information to families and caregivers has greatly enhanced 
their options to make timely management decisions. The role 
of evolving technologies such as “real-time” 3D fetal echocar¬ 
diography [66,67] and fetal cardiac magnetic resonance imaging 
(MRI) [68] awaits further technological refinements and clinical 
validation. 

The data regarding postnatal outcomes of prenatally diag¬ 
nosed truncus arteriosus is sparse. Duke and colleagues from the 
UK [64] reported that of 17 prenatal cases, pregnancy was ter¬ 
minated in 4 (24%), and 8 of the remaining 13 live births under¬ 
went neonatal surgery Two newborns with severe truncal valve 
stenosis suffered preoperative sudden death. From this subset, 
30-day surgical mortality was 25%. 

Intraoperative assessment 

Miniaturization of transesophageal echocardiographic (TEE) 
probes allows intraoperative and postoperative assessment of 
truncus arteriosus repair before and after cardiopulmonary 
bypass [69]. In this way, undetected anomalies may be clarified 
prior to cardiopulmonary bypass, and the adequacy of repair can 
be assessed for such lesions as residual VSDs, obstruction across 
the right ventricle-to-pulmonary artery conduit, and compe¬ 
tency of the truncal valve [70]. As with other cardiac defects, 
TEE allows postoperative decision making to be made in a timely 
fashion so that the need for further interventions can be deter¬ 
mined in the operating room. 

Imaging of the adult 

Echocardiographic imaging in the adult with repaired truncus 
arteriosus contains the essential components of the initial study 
with additional emphasis on evaluation of the truncal valve 
and right ventricle-to-pulmonary artery conduit. In addition, 
by adulthood there will be many patients who have developed 
such severe truncal valve dysfunction that valve replacement 
is required. The adult with progressive truncal valve disease is 
assessed in a manner similar to isolated aortic valve pathol¬ 
ogy. This involves evaluation of the severity of truncal regur¬ 
gitation based upon color Doppler imaging, extent of diastolic 
flow reversal in the descending aorta, pressure half-time of the 
regurgitant jet, and left ventricular dilation and function. The 
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assessment of truncal valve stenosis is similar to that of aortic 
valve stenosis, including Doppler assessment of peak and mean 
gradient, valve morphology, and left ventricular hypertrophy 
and function. 

Ancillary imaging modalities 

There are instances in which additional diagnostic evaluation 
is necessary As acoustic windows become restricted in older 
children and adults with repaired truncus arteriosus, cardio¬ 
vascular MRI is the ideal alternative to echocardiography This 
modality allows comprehensive anatomic and functional assess¬ 
ments, including accurate quantification of truncal valve regur¬ 
gitation and biventricular size and function as well as anatomic 
evaluation of the pulmonary arteries and aorta [71]. Computed 
tomography (CT) can be used as an alternative modality (Fig¬ 
ure 23.9) in patients with contraindications to MRI (e.g., pace¬ 
maker or implanted defibrillator). However, physicians recom¬ 
mending CT should carefully consider the risk of cancer due to 


ionizing radiation, which is considerably higher in young chil¬ 
dren [72]. In selected patients in whom conduit obstruction 
may be alleviated by transcatheter balloon angioplasty or stent 
placement, cardiac catheterization may be indicated for hemo¬ 
dynamic assessment and for possible intervention. 

Follow-up 

Although there have been significant trends toward improved 
survival in the current era, ongoing morbidity related to conduit 
obstruction and/or regurgitation, truncal valve abnormalities, 
aortic root dilatation, and left and right ventricular dysfunction 
continue to dominate long-term outcomes. Interval echocardio- 
graphic imaging allows timely detection of progressive pathol¬ 
ogy prior to irreversible ventricular dysfunction, development 
of a life-threatening complication, or loss of opportunity to 
intervene via nonsurgical routes. As noted earlier, judicious use 
of other diagnostic modalities is particularly important during 
follow-up of patients with repaired truncus arteriosus. 



Figure 23.9 Three-dimensional volume reconstruction of computed 
tomography angiogram in a patient with truncus arteriosus and 
interrupted aortic arch type A. View of carotid and subclavian arteries 
(IAA) arising from the ascending aorta, with pulmonary artery branches 
(LPA, RPA) slightly offset in position as they arise from the truncal root. 
DAo, descending aorta. 


Aortopulmonary window 

Definition, incidence, morphology, 
and pathophysiology 

An aortopulmonary window is a defect between the ascending 
aorta and the pulmonary artery above the semilunar valves. It 
is an extremely rare cardiac malformation accounting for only 
0.1-0.2% of congenital heart defects [73,74]. Even though it can 
occur in isolation, more than half the patients have other asso¬ 
ciated cardiac anomalies [75]. These include type A interrupted 
aortic arch, right aortic arch, aortic origin of right pulmonary 
artery, anomalous origin of one or both coronary arteries from 
the pulmonary artery, tetralogy of Fallot, transposition of the 
great arteries, and ventricular septal defect. 

Based on a classification proposed by Mori et al. [76] there are 
three types of aortopulmonary defects: 

Type I (proximal defect): the defect is present midway between 
the semilunar valves and pulmonary bifurcation. This is the 
most common type (Figure 23.10). 

Type II (distal defect): the defect is between the left posterior 
wall of ascending aorta and the junction of the right pul¬ 
monary artery and main pulmonary artery. This type is com¬ 
monly associated with aortic origin of right pulmonary artery 
(Figure 23.11). 

Type III (total defect): this is a very large defect involving the 
entire length of pulmonary trunk from immediately above 
the semilunar valves to the level of pulmonary bifurcation 
and the proximal portion of the right pulmonary artery. 

All three types of aortopulmonary windows typically present 
with symptoms of a large left-to-right shunt due to the unim¬ 
peded flow from the ascending aorta into the pulmonary arter¬ 
ies. Fess commonly, the communication may be smaller and 
pressure-restrictive, resulting in a lesser degree of left-to-right 
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Figure 23.10 Apical 4-chamber view swept 
anteriorly to show the aortopulmonary window 
located proximally between the main 
pulmonary artery and the aorta (type I). AO, 
aorta; APW, aortopulmonary window; LPA, left 
pulmonary artery; MPA, main pulmonary 
artery; RPA, right pulmonary artery 



shunting and pulmonary overcirculation. Management may ini¬ 
tially consist of pharmacologic therapy aimed at decreasing the 
pulmonary overcirculation. However, definitive therapy is pro¬ 
vided by closure of the defect, either surgically or using a tran¬ 
scatheter device. In general, large defects and those associated 
with other cardiac malformations are closed surgically using 



Figure 23.11 High parasternal short-axis showing a type II (distal) 
aortopulmonary window. Note the aortic origin of the right pulmonary 
artery AO, aorta; APW, aortopulmonary window; LPA, left pulmonary 
artery; MPA, main pulmonary artery; RPA, right pulmonary artery 


a patch. Isolated small aortopulmonary windows or residual 
defects can be closed using transcatheter devices [77,78]. 

Echocardiographic imaging 

Key elements 

The goals of the echocardiographic evaluation of patients with 
an aortopulmonary window are similar to those with other 
conotruncal defects, and are dependent upon the patients age, 
physiologic state, and temporal relationship to surgical interven¬ 
tion. A complete evaluation of all anatomic features of the aor¬ 
topulmonary window and any associated defects is required. In 
those who have undergone repair, follow-up evaluations focus 
primarily on residual lesions. The following key elements must 
be delineated: 

Initial echocardiogram 

As part of a detailed, segmental evaluation of all aspects of 
cardiovascular anatomy and physiology, particular attention is 
focused on the following areas: 

• Presence of an atrial communication. 

• Size of atria, and in particular evidence of left atrial enlarge¬ 
ment suggestive of a large left-to-right shunt. 

• Presence, size, and location of a ventricular septal defect. 

• Ventricular size and function, including presence of left ven¬ 
tricular dilatation. 

• Ventricular outflow tract obstruction, particularly right ven¬ 
tricular outflow tract obstruction as seen in tetralogy of Fallot 
with conal septal deviation. 

• Morphology and function of the aortic and pulmonary valves. 

• Coronary artery anatomy, with particular attention to their 
origins in relation to the aortopulmonary communication and 
ensuring that both arise from the aorta. 
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• Location, size, and type of aortopulmonary window. 

• Pulmonary artery anatomy. 

• Aortic arch anatomy (evaluation for arch sidedness, hypopla¬ 
sia or interruption). 

• Presence of a ductus arteriosus (uncommon except in the 
presence of significant arch hypoplasia or interruption). 

• Associated anomalies (e.g., left superior vena cava, anomalous 
pulmonary venous connection, aberrant origin of the left or 
right subclavian arteries). 

Postoperative echocardiograms 

Echocardiograms performed after surgical or transcatheter 
intervention are focused on ensuring that there is no residual 
shunting and that both systemic and pulmonary pathways are 
unobstructed. 

Imaging of aortopulmonary window 

Aortopulmonary window can be diagnosed by 2D echocardiog¬ 
raphy from the parasternal short-axis, subcostal and supraster¬ 
nal views. It is seen as a direct communication between the 
ascending aorta and the pulmonary artery and, unlike patent 
ductus arteriosus, it does not have any length to it. In the 
parasternal short-axis views with slight antero-superior angu¬ 
lation, the defect can be visualized and its extent into the pul¬ 
monary arteries can be defined (Figure 23.12; Video 23.14). 
This defect can be difficult to see from the standard paraster¬ 
nal long-axis views. In the subcostal coronal view, the defect can 
be seen when the plane of sound is swept anteriorly to open 
the right ventricular outflow tract (Figure 23.13; Video 23.15). 
Caution must be used in this view or any other view in which 



Figure 23.12 High parasternal short-axis view showing a mo derate-sized 
type II aortopulmonary window. AO, aorta; APW, aortopulmonary 
window; MPA, main pulmonary artery. 



Figure 23.13 Subcostal coronal view swept anteriorly to show both outflow 
tracts, with a moderate-sized proximal aortopulmonary window (type I). 
AO, aorta; APW, aortopulmonary window; MPA, main pulmonary artery; 
RA, right atrium; SVC, superior vena cava. 

the ultrasound beam is parallel to where the great vessels cross¬ 
over because a “dropout” can be mistaken for a defect [58]. A 
“T”-artifact at the edge of the defect can help distinguish a real 
defect from a “dropout” [75]. Special attention is paid to the 
coronary arteries, not only for any anomalies in their origin but 
also to define their proximity to the aortopulmonary window. 
The subcostal view is especially useful for determining the dis¬ 
tance from the defect to the origin of the left coronary artery. In 
the suprasternal long-axis view, as the posterior border on the 
ascending aorta is followed superiorly, the aortopulmonary win¬ 
dow is seen as a semicircle rather than the usual circle of the main 
pulmonary artery. 

The physiologic consequences of an aortopulmonary window 
result from the large left-to-right shunt. Color Doppler demon¬ 
strates increased pulmonary venous return and the left atrium 
and ventricle are dilated. There is increased flow across the 
mitral and the aortic valve. The pulmonary arteries distal to the 
defect are also dilated. The right ventricle can occasionally be 
hypertrophied. Due to the diastolic runoff from the aorta into 
the pulmonary artery, the thoracic aorta shows increased pul- 
satility when viewed from suprasternal or subcostal views. 

Doppler echocardiography 

In a small aortopulmonary window, color Doppler shows a con¬ 
tinuous high-velocity turbulent jet from the aorta to the pul¬ 
monary artery. However, most of these defects are large and 
have unrestricted laminar flow from the aorta to the pulmonary 
artery. In those with normal pulmonary vascular resistance, con¬ 
tinuous antegrade flow is seen in the pulmonary arteries distal 
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to the connection as a result of the large left-to-right shunt. In 
addition, an abnormal retrograde diastolic flow is seen in the 
ascending aorta, transverse arch and descending aorta due to 
runoff from the aorta into pulmonary arteries during diastole. 
This finding of diastolic flow reversal in the entire aorta can 
also be seen in cases with severe aortic regurgitation, an aorto- 
left ventricular tunnel or a ruptured sinus of Valsalva aneurysm 
[79]. In contrast, with a large left-to-right shunt across a duc¬ 
tus arteriosus, the retrograde diastolic flow is seen only in the 
descending aorta and not in the ascending aorta or transverse 
arch. If the defect remains unrepaired, pulmonary hypertension 
can develop over time. In such cases, a low-velocity bidirectional 
flow or an exclusive right-to-left flow will be seen across the 
defect. 

Three-dimensional echocardiography 

Availability of real-time 3D echocardiography allows for 
enhanced spatial resolution of the aortopulmonary window with 
an en face view of the entire defect. This technique can also be 
useful in assisting device closure of these defects. 

Evaluation following closure of an aortopulmonary window 

Both surgical and transcatheter closure of aortopulmonary win¬ 
dows can be complicated by residual defects or stenosis of the 
ascending aorta or pulmonary artery. In rare cases, the coronary 
circulation may also be compromised, resulting in regional or 
global dysfunction. These complications can be diagnosed and 
monitored using protocols similar to those described earlier for 
truncus arteriosus. 


Videos 

To access the videos for this chapter, please go to www.lai 
-echo.com. 

Video 23.1 Parasternal long-axis view demonstrating origin of the 
main pulmonary artery from the truncal root (truncus arteriosus 
type 1). 

Video 23.2 Color Doppler interrogation from the parasternal 
short-axis view demonstrating truncus arteriosus type I. The main 
pulmonary artery originates from the truncal root on the left lateral 
side and gives rise to two adequately sized confluent branch pul¬ 
monary arteries. 

Video 23.3 Parasternal short-axis view demonstrating truncus 
arteriosus type II, with the origins of the pulmonary artery branches 
directly from the truncal root, adjacent to one another with a rim of 
truncal tissue between them. 

Video 23.4 Suprasternal notch long-axis view and sweep showing 
truncus arteriosus with aortic arch interruption (type A). The ductal 
arch can be seen joining the common trunk to the descending aorta. 


Video 23.5 Parasternal short-axis view showing an en face view of 
the quadricuspid truncal valve. 

Video 23.6 Subcostal coronal view swept anteriorly shows moder¬ 
ate to severe truncal valve regurgitation. Note that the truncal valve 
overrides predominantly the right ventricle. 

Video 23.7 Parasternal short-axis view in a type II truncus, show¬ 
ing a single coronary artery origin arising anteriorly from the trun¬ 
cal root and giving rise to left and right coronary systems. 

Video 23.8 High parasternal short-axis view sweeping superiorly, 
showing the subtle separation of the relatively hypoplastic truncal 
root as it ascends (and interrupts, as a type B) from the ductal arch. 

Video 23.9 Subcostal coronal view showing the truncal valve and 
truncal root. Note the main pulmonary artery segment arising from 
the left lateral aspect of the trunk and bifurcating into right and left 
pulmonary arteries (type I truncus). 

Video 23.10 Parasternal long-axis view in a case of truncus arterio¬ 
sus and type B aortic interruption. Note the ascending aorta arising 
from the anterior rightwards aspect of the truncal root. 

Video 23.11 Apical 4-chamber view with color Doppler swept ante¬ 
riorly to the truncal root, showing the origin of the MPA segment 
off the lateral aspect of the truncus (truncus type I), with subsequent 
bifurcation into right and left pulmonary arteries. 

Video 23.12 Subcostal coronal view with color Doppler swept ante¬ 
riorly to show the MPA segment arising from the left lateral aspect 
of the truncal root, and bifurcating into the right and left branch 
pulmonary artery. 

Video 23.13 Suprasternal notch short-axis sweep in a patient with 
truncus type II and interrupted aortic arch type A. Note that the 
innominate artery, left carotid artery and left subclavian artery arise 
from the ascending aorta which then interrupts. The two branch 
pulmonary arteries can also be seen arising from the posterior 
aspect of the truncal root. 

Video 23.14 High parasternal short-axis view with color 
Doppler showing a moderate-sized type II aortopulmonary 
window. 

Video 23.15 Subcostal coronal view swept anteriorly to show both 
ventricular outflow tracts. Note is made of a moderate-sized proxi¬ 
mal aortopulmonary window (type I). 
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Definition 

Transposition of the great arteries (TGA) is a conotruncal abnor¬ 
mality in which the aorta arises from the right ventricle (RV) and 
the pulmonary artery arises from the left ventricle (LV) resulting 
in discordant ventriculo-arterial connections. This anomaly can 
occur in isolation or in association with other cardiac defects. 
In this chapter we will focus on discordant ventriculo-arterial 
connections in the presence of concordant atrioventricular con¬ 
nections. Congenitally corrected transposition or ventriculo¬ 
arterial discordance with atrioventricular discordance will be 
discussed in a separate chapter. Transposition of the great arter¬ 
ies is also referred to as D-TGA. This is, however, a nonspecific 
term as the “D” may relate to the ventricular loop (D or L) or 
to the spatial position of the aortic and pulmonary valves. In 
the majority of patients with TGA, the aorta is malposed right- 
ward and anterior to the pulmonary artery but there is a wide 
variability in the spatial relationships between the great vessels. 
Therefore the term D-TGA is better avoided; D-loop TGA may 
be more accurate where the D-loop refers to the ventricular 
looping. For the purpose of this chapter discordant ventriculo¬ 
arterial connections will be referred to as TGA. Physiologically, 
TGA results in parallel systemic and pulmonary circulations 
in which the deoxygenated systemic venous blood returns to 
the aorta via the RV and the oxygenated pulmonary venous 
blood returns to the pulmonary arteries through the LV (Figure 
24.1). Clinical presentation generally occurs early in the neona¬ 
tal period because of cyanosis. 

Incidence 

The incidence of TGA is approximately 31.5 per 100,000 live 
births (range 23.1 to 38.8 per 100,000 live births). It is the tenth 
most common congenital heart defect and the second most com¬ 
mon cyanotic lesion after tetralogy of Fallot [1]. The incidence 


is likely higher in the fetal population since termination of preg¬ 
nancy is not included in most population studies. TGA affects 
males more commonly than females with a ratio of over 2:1 [2]. 
Chromosomal anomalies in association with simple and com¬ 
plex forms of TGA are unusual. The incidence of TGA does not 
appear to be impacted by increased maternal age or increased 
parity [2]. 

Etiology 

The etiology of TGA remains unknown; however, a genetic 
cause is probable in most cases. Familial recurrence occurs in 
TGA; 10% of afflicted individuals have a relative with a con¬ 
genital heart defect. While 22qll deletion is common in other 
conotruncal anomalies such as tetralogy of Fallot and com¬ 
mon arterial trunk, it is quite rare in TGA [3]; however, single¬ 
gene mutations such as CFC1 have been reported [4]. Of those 
affected, TGA is the most common recurrent lesion [5]. Envi¬ 
ronmental factors have been implicated and TGA has been asso¬ 
ciated with maternal diabetes [6] and exposure to the teratogen 
retinoic acid during gestation. 

Morphology and classification 
Developmental considerations 

The developmental mechanisms leading to TGA have not been 
fully elucidated. The cardiac outflow tract, including the mus¬ 
cular conus and the arterial trunk, develop with contributions 
from neural crest cells and from the anterior heart field, which 
also forms large portions of the RV. Mesenchymal cells derived 
from the neural crest contribute to the septum that divides the 
common arterial trunk into the aorta and pulmonary artery. At 
early stages of gestation, the great vessels relate to each other sim¬ 
ilar to TGA. Conotruncal rotation associated with septation and 
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Figure 24.1 Diagram of D-loop transposition of the great arteries with 
atrioventricular concordance and ventriculo-arterial discordance. Ao, 
aorta; LA, left atrium; LV, left ventricle; MPA, main pulmonary artery; RA, 
right atrium; RV, right ventricle. 


differential development of the infundibulum is required to 
align the aorta with the LV and the pulmonary artery with 
the RV. Abnormal conotruncal rotation during septation likely 
results in TGA. This is suggested in the perlecan-deficient mouse 
embryo model that develops TGA with intact ventricular sep¬ 
tum. Perlecan is a heparin-sulfate proteoglycan expressed in the 
extracellular matrix. In this model, the mesenchyme of the out¬ 
flow tract is disrupted. Outflow ridges normally twist in a coun¬ 
terclockwise pattern but in TGA this spiral likely does not occur, 
resulting in a “straight” outlet [7,8]. 

Anatomy 

TGA with intact ventricular septum 

In the commonest form of TGA, the segmental anatomy is 
typically situs solitus with atrioventricular concordance and 
ventriculo-arterial discordance with the aorta positioned ante¬ 
rior and to the right of the pulmonary artery. This has also been 
described as {S,D,D}: the situs of the visceral organs and the 
atrial is normal (solitus = S), the ventricles are D-looped (D), 
the atrioventricular alignment is concordant, and the ventriculo¬ 
arterial alignment is discordant with a rightward and anterior 
position of the aortic valve relative to the pulmonary valve (D, 
or dextro malposition). In some cases, the aorta is directly ante¬ 
rior to the pulmonary artery and in others the great vessels are 
side-by-side with the aortic valve to the right of the pulmonary 
valve. Rarely, the aorta can be leftward, in which case the seg¬ 
mental anatomy is {S,D,L}. This arrangement is typically associ¬ 
ated with RV hypoplasia and superior-inferior ventricles. More 
rarely the aortic valve can be located posterior and rightward 
relative to the pulmonary valve (TGA with posterior aorta) [9]. 
For each patient the spatial relationship between the great vessels 
needs to be clearly defined by echocardiography. 


The anatomy of the ventricular outflow tracts in TGA is 
important for surgical management. In almost 90% of cases of 
TGA there is a subaortic conus (infundibulum) separating the 
aortic valve from the tricuspid valve and absence of a subpul- 
monary conus, resulting in fibrous continuity between the mitral 
and pulmonary valves [9,10]. Abnormalities in the outflow tracts 
can cause outflow tract obstruction, which is important when 
considering an arterial switch operation. Variants of outflow 
tract or conal anatomy are seen in ~12% of patients - bilateral 
subarterial conus in ~7%, subpulmonary conus without subaor¬ 
tic conus in ~3%, and bilaterally absent conus in ~2% of patients 
with TGA [11]. Atypical outflow tract anatomy can be asso¬ 
ciated with outflow tract obstruction, VSD, and unusual coro¬ 
nary anatomy. In the setting of TGA with intact ventricular sep¬ 
tum, a left aortic arch without obstruction is the norm. However, 
rare cases of coarctation of the aorta have been reported [12]. 
Systemic and pulmonary venous connections are usually nor¬ 
mal. Dynamic LV outflow tract obstruction can be seen when 
LV pressure is subsystemic. This usually resolves after anatomic 
correction (see later). Fixed anatomic subpulmonary stenosis is 
rare. Most patients with TGA have a patent ductus arteriosus 
(PDA) at birth. The foramen ovale is usually patent at birth but 
can be small or absent, resulting in severe cyanosis due to lack 
of atrial mixing. A true secundum atrial septal defect or other 
types of atrial defects are less common. 

TGA with ventricular septal defect 

Except for patent foramen ovale and PDA, VSD is the most com¬ 
monly associated defect occurring in ~40-45% of cases. Similar 
to normally related great arteries, any type of VSD can be seen in 
association with TGA. Approximately 33% patients have a mem¬ 
branous (perimembranous) defect, ~30% have a malalignment 
defect (often associated with obstruction of one of the outflow 
tracts), ~25% have a muscular defect, and ~5% each have an 
atrioventricular (AV) canal-type (inlet) or outlet septal (doubly 
committed or subarterial) defect (Figure 24.2) [13]. Membra¬ 
nous defects maybe large or restrictive and result in fibrous con¬ 
tinuity between the tricuspid and the pulmonary valve leaflets. 
Spontaneous closure or restriction of the defect by tricuspid 
valve septal tissue is possible. Muscular defects can occur any¬ 
where within the muscular septum (most commonly the mid- 
muscular region) and are often multiple. Muscular defects can 
also close or decrease in size spontaneously. In those with AV 
canal-type VSD, the tricuspid valve may straddle the ventricu¬ 
lar septum, usually with associated RV hypoplasia. Outlet septal 
defects (doubly committed type) are characterized by deficiency 
or absence of the outlet septum with little or no muscular sep¬ 
aration between the aortic and pulmonary valves. Surgical clo¬ 
sure of this type of VSD can be challenging because the sutures 
must be anchored into the fibrous rim between the aortic and 
pulmonary valves, potentially distorting one or both semilunar 
valves. 

Malalignment VSDs are of particular surgical importance. In 
the setting of anterior malalignment of the outlet (conal) septum 
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Figure 24.2 Different types of ventricular septal defects in the setting of 
transposition. AV, atrioventricular. 

the VSD is generally large and unrestrictive. This anatomy typi¬ 
cally results in impingement on the RV outflow tract with mul¬ 
tiple levels of obstruction. Subaortic stenosis and aortic annu¬ 
lus hypoplasia are common; distal obstruction can include aor¬ 
tic arch hypoplasia, coarctation of the aorta, or interruption 


of the aortic arch. In contrast, posterior malalignment of the 
conal septum is often associated with LV outflow tract obstruc¬ 
tion, including subvalvar and valvar pulmonary stenosis. In 
addition to posterior deviation of the conal septum into the 
LV outflow tract, other potential mechanisms of pulmonary 
outflow obstruction include a discrete fibrous ridge, muscu¬ 
lar tunnel narrowing, abnormal mitral valve attachments, and 
redundant or straddling tricuspid valve tissue (Figure 24.3). 
The pulmonary valve annulus may be hypoplastic and the pul¬ 
monary valve leaflets and commissures are often abnormal (e.g., 
bicuspid or unicuspid pulmonary valve). 

Coronary artery anatomy 

Coronary artery anatomy is particularly important in TGA given 
that the majority of patients today undergo the arterial switch 
operation (ASO), which requires translocation of the coronary 
arteries to the neo-aorta. Although the origin and proximal 
course of the coronary arteries is variable, they originate from 
aortic sinuses facing the pulmonary valve in almost all cases. The 
aortic sinuses that face the pulmonary root are labeled according 
to their spatial location [ 14]. In the majority of patients in whom 
the aortic valve is anterior and rightward relative to the pul¬ 
monary valve, the sinuses are termed right-posterior- and left- 
anterior-facing sinuses. When the aortic valve is directly ante¬ 
rior the sinuses are termed right- and left-facing sinuses and 
when the great vessels are side-by-side the sinuses are termed 
posterior- and anterior-facing sinuses (Figure 24.4). Alternative 
taxonomies assign numbers or letters to the facing sinuses. The 
Leiden terminology describes the origin of the coronary arter¬ 
ies from the facing aortic sinuses of Valsalva as viewed from 
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Figure 24.3 Different mechanisms of left 
ventricular outflow obstruction in D-loop 
transposition of the great arteries (TGA). 
More than one mechanism can be present. 
LV, left ventricle; MPA, main pulmonary 
artery; MV, mitral valve; PS, pulmonary 
stenosis; VSD, ventricular septal defect. 
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Figure 24.4 Designations of the aortic sinuses of Valsalva when the spatial orientation of the aortic and pulmonary roots is oblique, anterior-posterior, and 
side-by-side. Ant, anterior; Post, posterior; R, right; L, left. 


the nonfacing sinus [15]. The observer takes a stance in the 
noncoronary sinus looking toward the pulmonary trunk (Fig¬ 
ure 24.4). Viewed from this position, one sinus is always to the 
right of the observer (sinus 1) and the other sinus is always to the 
left of the observer (sinus 2). This definition holds irrespective of 
the relationship of the arterial trunks towards each other. While 
the Leiden classification is convenient for the surgeon who looks 
down on the aortic valve, this classification can be confusing 
for the echocardiographer who looks at the aortic valve from 
the opposite perspective. If uncertain about the description, 
a schematic drawing of the coronary origins as illustrated in 
Figure 24.5 may clarify the issue. 

The eight major anatomic patterns of the coronary arteries 
in TGA are illustrated in Figure 24.5. Based on three studies 
encompassing 533 patients [16], the most common or “usual” 
pattern of coronary artery origin - left anterior descending 
(LAD) and left circumflex (LCx) arising from the left-facing 
sinus (sinus 1) and the right coronary artery (RCA) arising from 
the right-facing sinus (sinus 2) - is present in 65% of patients. 
The second most common form - LAD from the left-facing 
sinus (sinus 1) and RCA and LCx from the right-facing sinus 
(sinus 2) - is present in 13.6% of patients. The LCx courses 
posterior to the pulmonary root before reaching the left atri¬ 
oventricular groove. The third most common pattern seen in 
7.5% of cases is a single RCA arising from the right-facing sinus 
(sinus 2) where the left coronary artery (LCA) passes posterior 
to the pulmonary root before bifurcating into the LAD and LCx 
branches. Other variations include single LCA from the left¬ 
facing sinus (sinus 1) in 1.5% of cases, inverted coronary arteries 
(RCA from sinus 1 and LAD and LCx from sinus 2) in 2.6% of 
cases, and inverted RCA and LCx (RCA and LAD from sinus 


1 and LCx from sinus 2) in 6% of cases. Intramural LCA and 
RCA are seen in 3% and 0.75% of patients, respectively. Based 
on analysis of nine studies from over two decades (total of 1942 
patients), Pasquali et al. found that intramural or single coronary 
artery patterns were associated with an increased risk of death in 
patients undergoing an ASO [16]. 

Associated defects 

In addition to patent foramen ovale, PDA, and VSD, TGA has 
been reported to be associated with a myriad of cardiovascu¬ 
lar anomalies such as anomalies of the systemic (e.g., persis¬ 
tent left superior vena cava) and pulmonary veins (e.g., partially 
and totally anomalous pulmonary venous connections [17]), 
atrioventricular septal defect, anomalies of the atrioventricu¬ 
lar valves (e.g., stenosis, cleft, abnormal attachments, straddling 
[18]), left and right ventricular outflow tract abnormalities, and 
anomalies of the great vessels (e.g., aortic arch hypoplasia, inter¬ 
ruption [19], coarctation, and double aortic arch [20]). Leftward 
juxtaposition of the right atrial appendage occurs in approxi¬ 
mately 2% of cases of TGA [21]. It is usually seen in association 
with other complex abnormalities such as dextrocardia and tri¬ 
cuspid atresia. 

Pathophysiology 

The parallel arrangement of the systemic and pulmonary circu¬ 
lations in TGA is tolerated well before birth due to mixing of 
oxygenated and deoxygenated blood through the foramen ovale 
and PDA. After birth, the decrease in pulmonary vascular resis¬ 
tance leads to increased pulmonary venous return to the left 
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Figure 24.5 The most common patterns of coronary anatomy in patients with D-loop transposition of the great arteries (TGA). (A) Usual coronary 
anatomy with left coronary artery (LCA) coming from sinus 1 and right coronary artery (RCA) coming from sinus 2. (B) Left circumflex (LCx) from RCA 
(sinus 2) and left anterior descending (LAD) coming from sinus 1. (C) Single coronary coming from sinus 2. (D) Single coronary artery coming from sinus 

1. (E) Inverted origins with RCA coming from sinus 1 and LCA coming from sinus 2. (F) LAD and RCA coming from sinus 1 and LCx coming from sinus 

2. (G) Intramural LCA with origin of LCA and RCA both from sinus 2 and intramural course of LCA. (H) Intramural RCA with origin of RCA and LCA 
from sinus 1 and intramural course of RCA. 


atrium, which is accentuated by flow from the aorta to the pul¬ 
monary artery through the PDA. If septum primum (valve of 
the fossa ovalis) effectively seals off the intra-atrial communi¬ 
cation, severe hypoxia may occur within the first hours of life. 
In other cases, the foramen ovale remains open, allowing oxy¬ 
genated blood returning to the left atrium to shunt from left-to- 
right mixing with the deoxygenated blood returning from the 


systemic veins. The presence of an adequate atrial communi¬ 
cation is a requirement to obtain good aortic (preductal) sat¬ 
urations. If the atrial communication is small, a balloon atrial 
septostomy may be required. When present, a VSD provides 
another opportunity for mixing of blood between the left and 
right sides of the heart, although it may not provide enough 
effective pulmonary blood flow. 
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The RV (systemic ventricle) is generally larger compared to 
the LV. The difference in size is not striking in the neonatal 
period because the LV is initially at systemic pressure. In the 
weeks after birth, pulmonary vascular resistance decreases and, 
in the absence of a large VSD or outflow tract obstruction, the 
afterload on the LV decreases. This causes the LV to remodel 
with a thinner free wall and a smaller short-axis diameter. The 
RV meanwhile remains hypertrophied and dilated. Ultimately, 
LV mass decreases (deconditioning) to a level that precludes its 
ability to sustain the systemic circulation after the ASO. Thus, 
anatomic repair is performed in patients with TGA and intact 
ventricular septum or a small VSD within the first weeks of life 
in order to avoid LV remodeling. For patients presenting after 
age 2 months, careful assessment of LV size, wall thickness, and 
mass is required. Another factor that can lead to hemodynamic 
instability after birth is the presence of elevated pulmonary vas¬ 
cular resistance or persistent pulmonary hypertension. After the 
arterial switch operation, reduced pulmonary blood flow caused 
by pulmonary hypertension can lead to lower oxygenation and 
is seen in about 2% of all TGA patients. 

Imaging 

Echocardiography is the imaging modality of choice in chil¬ 
dren with TGA and currently most patients are referred for 
cardiac surgery based solely on echocardiographic diagnosis. 
Therefore, a comprehensive, detailed description of cardiovas¬ 
cular anatomy and suitability for surgical repair is paramount for 
successful management. In addition, echocardiography is often 
used as the primary imaging modality to guide balloon atrial 
septostomy. 

Key elements 

In all cases, complete anatomic and functional examination by 
2D and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority. 

• Segmental anatomy. 

• Assessment of systemic and pulmonary venous connections. 

• Evaluation of the atrial septum for interatrial communica¬ 
tion^): location, size, and flow direction and velocity; measure 
mean transseptal flow gradient. 

• Rule out juxtaposition of atrial appendages. 

• Evaluation of atrioventricular valve morphology (e.g., cleft, 
straddling, abnormal attachments) and function (e.g., steno¬ 
sis, regurgitation). 

• Determination of biventricular size and function. 

• Determination of presence of VSD: 

° Single or multiple defects 

° Location and size 
° Restriction to flow 
° Direction of flow 


• Ventriculo-arterial connections: 

° Position of aorta relative to the pulmonary artery at the level 
of the semilunar valves 
° Assessment of commissural alignment 
° Determination of presence and severity of outflow tract 
obstruction; if present, mechanism of obstruction 
° Semilunar valve anatomy and function (e.g., stenosis or 
regurgitation) 

• Determination of coronary artery anatomy. 

• Presence, size, and direction of flow through a PDA. 

• Evaluation of aortic arch sidedness; rule out aortic arch 
hypoplasia or coarctation. 

Imaging of TGA with intact ventricular septum 

The subxiphoid acoustic window provides a wide-angle view 
of the heart and blood vessels and allows rapid diagnosis of 
TGA. After establishing the situs of the abdominal organs, a 
sweep of the transducer from the subxiphoid window in the 
oblique coronal plane demonstrates the systemic and venous 
connections to the heart, the atrial septum, atrioventricular and 
ventriculo-arterial connections and alignments, and the great 
vessels. As the transducer is swept from posterior-inferior to 
superior-anterior (Video 24.1), the main pulmonary artery is 
seen originating directly from the LV bifurcating into the left 
and right pulmonary arteries (Figure 24.6a). Further anterior tilt 
of the transducer demonstrates the origin of the aorta from the 
rightward and superior aspect of the RV (Figure 24.6b). Origin 
of the coronary arteries from the aortic root, often seen from this 
window, helps establish the identity of the aorta. Rotating the 
transducer clockwise ~90 degrees to the ventricular short axis 
(oblique sagittal plane) demonstrates the superior-inferior and 
anterior-posterior relations of the cardiovascular structures. The 
transducer is swept from right to left, beginning at the bicaval 
view and ending at the level of the ventricular apex. This view 
is particularly helpful in demonstrating the connection of the 
right upper pulmonary vein to the left atrium, the atrial sep¬ 
tum, and the anatomy of the atrioventricular valves and their 
attachments and the outflow tracts of both ventricles. In TGA, 
this view demonstrates the parallel course of the great arteries 
(Figure 24.7). Interrogation of blood flow by color Doppler pro¬ 
vides essential information about atrial and ventricular sep¬ 
tal defects, valve function, outflow tract obstruction, semilunar 
valve function, and PDA. Evaluation of the atrial septum from 
the subxiphoid window includes determination of location and 
size of interatrial communications and assessment of the direc¬ 
tion and velocity of blood flow. In most patients, atrial level flow 
is from left to right. The mean gradient of the flow across the 
atrial septum can be measured by spectral Doppler. 

The apical window allows evaluation of the ventricular inflow 
and outflow tracts and the ventricular septum. This view is 
ideal for assessment of the atrioventricular valves for stenosis or 
regurgitation by color and spectral Doppler. Careful interroga¬ 
tion of the ventricular septum with particular attention to the 
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Figure 24.6 Subxiphoid long-axis views showing ventriculo-arterial discordance, (a) The main pulmonary artery (PA) is seen coming off the left ventricle 
(LV). (b) The aorta (Ao) is visible coming from the right ventricle (RV). 


apex is important to exclude VSDs. In addition, the apical win¬ 
dow provides an optimal angle for Doppler interrogation of the 
LV outflow tract for assessment of obstruction. 

The parasternal window provides complementary anatomic 
and functional information. The parallel course of the great 
arteries is apparent in the parasternal long-axis view where 
both great vessels can be imaged longitudinally in the same 
plane (Figure 24.8; Video 24.2). Although parallel course of the 



Figure 24.7 Subxiphoid short-axis view showing parallel great arteries off 
each ventricle with the aorta (Ao) anterior to the pulmonary artery (PA). 


aorta and main pulmonary artery in the same plane is not seen 
with normally related great vessels, it is important to recog¬ 
nize that it is not unique to TGA. For example, this anatomic 
arrangement is also seen in double-outlet right ventricle and 



Figure 24.8 Parasternal long-axis view showing parallel great artery 
orientation off each ventricle. Also the fibrous continuity between the 
mitral and the pulmonary valve can be seen. Ao, aorta; LA, left atrium; LV, 
left ventricle; PA, pulmonary artery; RV, right ventricle. 
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Figure 24.9 Parasternal short-axis view demonstrating the spatial position 
of the great arteries. The aorta with the left coronary artery (LCA) origin 
demonstrated is positioned rightward and anterior to the pulmonary artery 
(PA). 

congenitally corrected TGA. The parasternal long-axis view also 
demonstrates the fibrous continuity between the mitral and pul¬ 
monary valves. The aortic valve is seen anterior to the pul¬ 
monary valve and is supported by an infundibulum. 

The parasternal short-axis plane is used to determine the spa¬ 
tial relationships between the semilunar valves and great ves¬ 
sels (Figure 24.9; Video 24.3). The parallel orientation of the 
aorta and main pulmonary artery accounts for their simulta¬ 
neous appearance in cross-section as two circles in a paraster¬ 
nal short-axis plane. Most commonly, the aortic valve is anterior 
and to the right of the pulmonary valve but other relationships 
(e.g., side-by-side, anterior, leftward) are possible. Imaging from 
the high left parasternal position often optimizes this view. In 
most patients it is possible to obtain an image where the commis¬ 
sures between aortic and pulmonary valve leaflets can be viewed 
simultaneously (Figure 24.10). This is useful for assessing com¬ 
missural alignment between the valve leaflets, which is impor¬ 
tant for coronary transfer during the ASO (Video 24.4). In some 
patients, this view cannot be obtained due to a more superior 
position of the aortic valve relative to the pulmonary valve. 

Assessment of biventricular size and function can be per¬ 
formed in multiple views (Videos 24.5 and 24.6). Assessment 
includes ventricular dimensions, wall thickness, and measures of 
systolic and diastolic performance. Biventricular systolic func¬ 
tion is usually preserved in infants with TGA unless severe 
hypoxia and metabolic acidosis is present. 

Imaging of TGA with VSD 

Description of the location of VSDs in TGA is identical 
to patients with concordant ventriculo-arterial alignments. A 
membranous VSD, the most common defect in TGA, may be 
imaged from several imaging planes, including subxiphoid long- 
and short-axis, apical, parasternal short-axis, and tilted long- 
axis views (Figure 24.11; Videos 24.7 and 24.8). In contrast to 



Figure 24.10 Parasternal short-axis view showing commissural alignment. 
Ao, aorta; PA, pulmonary artery. 

normally related great arteries, the parasternal short-axis view 
in TGA does not highlight membranous defects as well because 
of the abnormal relationship of the great arteries. 

Imaging in multiple cross-sectional planes identifies muscu¬ 
lar VSDs. The location of these defects is variable and requires 
detailed interrogation of the entire septum by 2D imaging 
and color Doppler. The apical 4-chamber view is particularly 
helpful for evaluation of the ventricular septum although the 
anterior-superior aspects of the septum are not seen optimally 
in this view. This view best depicts the basal (inlet or AV canal 



Figure 24.11 Parasternal long-axis view demonstrating the presence of a 
ventricular septal defect in the membranous area with shunting from the 
right ventricle (RV) to the left ventricle. PA, pulmonary artery. 
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Figure 24.12 On this subcostal view long-axis 
view the parallel orientation of the great vessels 
is demonstrated. A membranous ventricular 
septal defect is visualized with the outlet part of 
the septum deviated anteriorly into the right 
ventricular outflow tract. AO, aorta; LV, left 
ventricle; PA, pulmonary artery; RV, right 
ventricle. 


septum) and apical segments of the septum. The subxiphoid 
and parasternal short-axis views are helpful in evaluating the 
anterior-superior and posterior-inferior aspects of the septum 
as well as the mid-septum. Moderate-large defects can be eas¬ 
ily detected using 2D imaging whereas small defects are usually 
best visualized using color Doppler. Lowering the Nyquist limit 
of the color Doppler scale is important to delineate VSDs in TGA 
given the often equal or near-equal pressures in the left and right 
ventricles. 

Defects with anterior malalignment of the outlet (conal) sep¬ 
tum are readily seen in most imaging planes (Figure 24.12; 



Videos 24.9 and 24.10). The subxiphoid sagittal view is partic¬ 
ularly suitable to visualize the displaced outlet septum and asso¬ 
ciated RV outflow obstruction. This view is also used to measure 
the pressure gradient using pulsed (PW) and continuous-wave 
(CW) Doppler. Presence of RV outflow tract narrowing should 
prompt careful assessment of the aortic arch and isthmus for 
obstruction. 

Defects with posterior malalignment are best viewed from the 
subxiphoid long- and short-axis views and from the paraster¬ 
nal long-axis view (Figure 24.13). Important elements of the 
echocardiographic evaluation include assessment of etiology 



Figure 24.13 (a) Ventricular septal defect with posterior deviation of the outlet (conal) septum (white arrow) causing tunnel-like narrowing of the left 
ventricular outflow tract, (b) Color Doppler interrogation in the same patient shows flow across the ventricular septal defect (VSD) and acceleration of 
flow in the left ventricular outflow tract (LYOT) as a result of the posterior deviation of the outlet (conal) septum. MPA, main pulmonary artery. 
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Figure 24.14 Subcostal apical 4-chamber view of TGA patient with large Figure 24.15 TGA with a ventricular septal defect extending to the outlet 
inlet VSD. A large ventricular septal defect (arrow) is seen at the inlet portion of the interventricular septum with absence of the outlet (conal) 

portion of the interventricular septum (AV canal-type VSD). septum (doubly committed or subarterial VSD). In this subcostal view, the 

location of the VSD is just below the right-sided aortic valve and left-sided 
pulmonary valve. 



and severity of LV outflow tract obstruction, which is commonly 
associated with this type of VSD. The gradient across the LV out¬ 
flow tract can be measured by PW and CW Doppler from the 
apical window. It should be noted, however, that as long as the 
PDA is large and pulmonary hypertension persists the gradient 
can be small despite significant obstruction. 

An inlet (AV canal-type) VSD can also be present in patients 
with TGA (Figure 24.14; Video 24.11). This type of defect is 
often associated with tricuspid valve anomalies including abnor¬ 
mal chordal attachments to the crest of the ventricular sep¬ 
tum, overriding, and straddling of the valve. Straddling tri¬ 
cuspid valve can complicate surgical closure of the VSD and 
requires precise preoperative imaging. This type of VSD is best 
imaged in the apical 4-chamber view but can also been from 
other acoustic windows. A posteriorly angled apical 4-chamber 
view shows the defect at the base of the ventricular septum 
with the atrioventricular valve annulus forming the superior- 
posterior border of the defect. Abnormal tricuspid valve attach¬ 
ments or accessory tissue related to the valve can prolapse 
through the VSD causing variable degrees of LV outflow tract 
obstruction. 

VSD with hypoplasia or absence of the outlet (conal) sep¬ 
tum (doubly-committed defect) is rarely seen in TGA. Subx- 
iphoid and parasternal images demonstrate absence or hypopla¬ 
sia of the outlet (conal) septum with typically fibrous continuity 
between the aortic and pulmonary valve leaflets (Figure 24.15; 
Video 24.12). 


Imaging of coronary arteries 

Echocardiographic delineation of coronary artery anatomy in 
TGA can be challenging. Optimal imaging conditions, includ¬ 
ing proper position of the infant, removal of obstacles to imaging 
from the chest wall, and imaging when the patient is asleep are 
crucial for comprehensive evaluation of the origin and course 
of the coronary arteries. Imaging is performed predominantly 
from parasternal windows but complementary information is 
often gleaned from subxiphoid and apical views. The modified 
high parasternal short-axis view is used to image the origins of 
the coronary arteries (Figure 24.16). For viewing the origin and 
proximal course of the LCA a slight clockwise rotation is used, 
reaching a transverse view with the transducers index mark at 
~3 o’clock. For viewing the origin and proximal course of the 
RCA, a slight counterclockwise rotation of the transducer with 
the index mark at ~1 o’clock is helpful. In those with usual coro¬ 
nary anatomy, parasternal long-axis view through the aortic root 
helps to visualize the origin of the RCA from the posterior sinus. 
When sweeping the transducer in the long-axis view towards the 
left shoulder the bifurcation of the LCA into the proximal LAD 
and LCx can be imaged. When the LCx originates from the right 
posterior-facing sinus (sinus 2), the posterior course of the coro¬ 
nary relative to the pulmonary trunk can be seen in parasternal 
short-axis view and confirmed from the apical 4-chamber and 
subxiphoid views (Figure 24.17a,b). Anterior course of the coro¬ 
nary arteries, or combined anterior and posterior course relative 
to the aortic and pulmonary roots are present in cases of single 
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Figure 24.16 On these parasternal short-axis views the origin of the right coronary artery can be demonstrated originating from sinus 2 on the left-hand 
panel and the left coronary artery can be demonstrated coming from sinus one in the right-hand panel. Note that color Doppler can be helpful for 
identifying the coronary origins. Ao, aorta. 


coronary arteries arising from one sinus or in the inverted pat¬ 
terns (Videos 24.13 and 24.14). Subxiphoid and apical views can 
also be helpful for delineating the relationship of the coronary 
arteries to the great vessels. 

An intramural course of a coronary artery is associated with 
increased operative risk for the ASO and thus is important to 
try to identify preoperatively. An intramural coronary artery can 
generally be identified as a vessel originating from the oppo¬ 
site sinus of Valsalva in close proximity to the commissure that 
faces the pulmonary valve with a parallel proximal course within 


the aortic wall. The origin of most intramural coronary arter¬ 
ies is tangential to the aortic wall. From the parasternal short- 
axis view, the intramural coronary artery will often be seen 
coursing between the aorta and the pulmonary artery (Figure 
24.18; Video 24.15). Every effort should be made to identify 
whether the origin of the intramural coronary artery is sepa¬ 
rate from the other coronary artery originating from the same 
aortic sinus of Valsalva (common orifice versus two separate 
orifices). Milder forms of intramural course are those coro¬ 
nary arteries that have a high takeoff relative to the sinotubular 



(a) (b) 

Figure 24.17 (a) Left circumflex from the RCA (from sinus 2). Parasternal short-axis view shows the proximal part of the RCA coming from sinus 2 with 
the circumflex artery originating from the RCA, coursing posterior to the pulmonary artery (arrows), (b) On a subcostal 4-chamber view tilted posterior 
to the pulmonary artery, the circumflex coronary artery is seen (arrows). 
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Figure 24.18 Intramural course of the left coronary artery. Note the 
abnormal origin of the LCA from the right posterior sinus with proximal 
intramural course (arrows). 


Figure 24.19 Fetal diagnosis of TGA. Fetal diagnosis of TGA relies on 
visualizing the outflow tracts where the parallel course of the great vessels 
can be appreciated. Ao, aorta; LV, left ventricle; PA, pulmonary artery; RV, 
right ventricle. 


junction or when the artery has a proximal tangential course 
relative to the aortic wall. The origins of the coronary arteries 
should be imaged in detail because an intramural course can be 
missed when the artery does not cross the facing commissure in 
its proximal course. 

Imaging of the PDA (arterial duct) 

Presence of a PDA is important for mixing between the systemic 
and pulmonary circulations. In TGA, the orientation of the PDA 
is parallel to the long axis of the aortic arch and main pulmonary 
artery, allowing for imaging of the three vessels in one plane. 
The PDA is best seen from the suprasternal sagittal view, which 
demonstrates its aortic and pulmonary ends. Color and spec¬ 
tral Doppler demonstrate the direction of flow across the duct. 
In most newborns with TGA flow is from the main pulmonary 
artery to the descending aorta during systole and from the aorta 
to the main pulmonary artery during diastole (Video 24.16). In 
some patients pulmonary vascular resistance is increased due to 
abnormal development of the pulmonary vascular bed. In that 
circumstance flow through the PDA is predominantly right-to- 
left, which decreases effective pulmonary blood flow and results 
in severe cyanosis. Severe pulmonary hypertension can persist 
after the ASO and is associated with poor prognosis. 

Prenatal assessment 

Prenatal diagnosis of TGA can be made during the second 
trimester of pregnancy Several studies have demonstrated that 
a screening ultrasound based solely on the 4-chamber view is 
inadequate for detection of conotruncal anomalies, including 
TGA [22-25]. In fact, the 4-chamber view may appear normal 


in a fetus with TGA unless there is a large VSD. More cephalad 
views that include the outflow tracts will readily identify the par¬ 
allel orientation of the great vessels with origin of the main pul¬ 
monary artery from the LV and origin of the aorta from the ante¬ 
rior and rightwards aspect of the RV (Figure 24.19; Video 24. 17). 
Associated VSDs can also be demonstrated but small defects 
might be missed, particularly if located in the muscular septum. 
Evaluation of the atrial septum is important for identification of 
a restrictive patent foramen ovale or intact atrial septum, con¬ 
ditions that may require balloon atrial septostomy immediately 
after birth. Significant atrioventricular or semilunar valve regur¬ 
gitation is rare. 

The data on the effects of prenatal diagnosis of TGA on post¬ 
natal morbidity and mortality rates are conflicting. Some stud¬ 
ies suggest that prenatal diagnosis is associated with improved 
postnatal outcomes [26,27] whereas other studies have found no 
apparent benefit [28,29]. 

Balloon atrial septostomy 

When balloon atrial septostomy is required, echocardiography 
can guide the procedure and instantly evaluate the results. The 
subxiphoid long-axis (coronal) view is generally the best to mon¬ 
itor the entire procedure. The position of the balloon before 
pulling it across the atrial septum should be assessed to assure 
it is free from the mitral valve, the left atrial appendage, and 
the pulmonary veins (Figure 24.20a,b; Video 24.18). The pull¬ 
back through the atrial septum can be imaged although the heart 
may shift momentarily when pulling the catheter. After sep¬ 
tostomy, subxiphoid imaging evaluates the size of the new atrial 
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Figure 24.20 Echocardiographic imaging of balloon atrial septostomy. Balloon atrial septostomy can be performed under echocardiographic guidance. 
Subcostal long-axis views of the atria are used to monitor the procedure. The position of the balloon in the left atrium can be checked prior to pulling the 
balloon back into the right atrium, (a) shows the balloon in the left atrium and (b) in the right atrium after having pulled the balloon through the atrial 
septum. 


communication to determine whether the maneuver needs to be 
repeated and whether a pericardial effusion has developed. 

Intraoperative assessment 

Some centers perform transesophageal echocardiography (TEE) 
during surgery for TGA to evaluate the result immediately 
after coming off cardiopulmonary bypass. Epicardial echocar¬ 
diography is an alternative approach preferred by some sur¬ 
geons. Chapter 39 discusses the use of intraoperative TEE in 
detail. Here we summarize specific issues the echocardiographer 
needs to address by TEE after surgical procedures performed in 
patients with TGA. The ASO and the atrial switch are discussed 
as well as the Rastelli operation. 

Arterial switch operation (ASO) 

This operation is performed for TGA with intact ventricular sep¬ 
tum as well as TGA with some types of VSD. In the operating 
room, particular attention is given to the following issues: 

• Quantification of global and regional biventricular function as 
an indicator of the adequacy of coronary blood flow. 

• Assessment of the implanted coronary arteries with color flow 
mapping and Doppler. 

• Evaluation of the left and right ventricular outflow tracts for 
obstruction. 

• Assessment of the neo-aorta, including evaluation of the neo- 
aortic valve function and neo-aortic anastomosis. 

• Assessment of the neo-main pulmonary artery and proximal 
branch pulmonary arteries for stenosis after the Lecompte 
maneuver. 

• Assessment for residual VSDs. 


Atrial switch operation 

In the present era, the atrial switch operation is rarely performed 
for TGA. It is generally reserved for patients with congenitally 
corrected TGA undergoing a double (atrial and arterial) switch 
operation. However, intraoperative TEE maybe requested on the 
rare occasion that an atrial switch operation is performed in a 
patient with D-loop TGA. Particular attention is given to the fol¬ 
lowing issues: 

• Assessment of the pulmonary venous pathway to the tricuspid 
valve. 

• Assessment of the systemic venous pathway to the mitral 
valve. 

• Evaluation of residual shunt or baffle leak(s) at the atrial level. 

• Assessment of atrioventricular valve function. 

• Evaluation of systolic performance of the systemic RV and the 
subpulmonary LV. 

• Assessment for residual VSD. 


Rastelli operation 

The procedure - LV-to-aortic valve baffle through the VSD and 
placement of a conduit from the RV to the pulmonary arter¬ 
ies - is performed in several cardiac anomalies, including TGA 
with posterior malalignment VSD with pulmonary outflow tract 
obstruction. Particular attention is given to the following issues: 

• Detection of residual VSDs. 

• Evaluation of the LV-to-aorta pathway. 

• Evaluation of the RV-to-pulmonary artery pathway, including 
the proximal and distal conduit anastomoses. 

• Assessment of atrioventricular valve function. 

• Assessment of biventricular systolic performance. 
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Follow-up assessment 

Follow-up assessment for TGA is usually performed using 
transthoracic echocardiography. TEE can sometimes be 
required, especially in adult patients with poor transthoracic 
acoustic windows. 

After the arterial switch operation 

Typical problems that require follow-up in the mid- and long 
term after the ASO are generally related to the great vessels and 
the coronary arteries. Late complications after the ASO include 
dilatation of the neo-aortic root, neo-aortic valve regurgitation, 
supravalvar pulmonary stenosis, and reduced coronary blood 
flow with or without impaired myocardial function. 

Coronary arteries 

Although early mortality after the ASO has decreased to <5% 
in experienced centers, rare events of myocardial infarction or 
sudden death have been reported during follow-up [30-32]. 
Most events occur within the first postoperative year and 
myocardial ischemia due to coronary insufficiency likely plays 
a major role. Careful monitoring of global and regional myocar¬ 
dial performance is important in the evaluation of patients 
after ASO (Videos 24.19 and 24.20). Identification of global 
or regional ventricular dysfunction on transthoracic echocar¬ 
diography should prompt further investigation. Dobutamine 
stress echocardiography is an established method for detecting 
myocardial ischemia in adults with coronary artery disease. In 
patients who have undergone ASO, it can be used to identify 
stress-induced global and regional wall motion abnormalities 
that may not be detected at rest [33]. Exercise stress echocar¬ 
diography is an alternative approach in patients who are able 
to cooperate with the test. Intracoronary blood flow measure¬ 
ments and positron emission tomography have been used to 
detect coronary flow abnormalities with variable results [34-36]. 
Both cardiac magnetic resonance (CMR) and computed tomog¬ 
raphy angiography (CTA) have been used successfully to image 
the coronary arteries after ASO [37,38]. However, the clinical 
significance of detecting coronary artery stenosis or occlusion by 
these and other diagnostic modalities remain uncertain because 
some patients develop an extensive network of collateral coro¬ 
nary circulation and are asymptomatic. In the largest series that 
evaluated coronary lesions after ASO as many as 5% of late sur¬ 
vivors had coronary lesions [39]. Coronary angiography should 
be considered in patients in whom coronary stenosis or occlu¬ 
sion is highly suspected. 

Neo-aortic root and valve 

Long-term abnormalities of the neo-aortic root include dilation 
[40-42] and neo-aortic valve regurgitation [43]. A previous pul¬ 
monary artery band is risk factors for neo-aortic root dilata¬ 
tion and neo-aortic regurgitation. Additional risk factors include 
older age at ASO and presence of VSD. The diameter of the aor¬ 
tic root is measured from the parasternal long-axis during sys¬ 
tole. Importantly, z-scores of the aortic root are used to follow 


patients over time to determine whether the root is dilating out 
of proportion to somatic growth. 

A mild degree of neo-aortic valve regurgitation is common 
after the ASO with or without aortic root dilation (Video 24.21). 
Thus far, only 1-2% of patients after ASO have had evidence 
of hemodynamically important neo-aortic regurgitation. Neo- 
aortic incompetence can increase over time with 98% freedom 
from at least moderate neo-aortic regurgitation at 1 year, 96% at 
5 years, and 93% at 10 years [42]. At present, surgical interven¬ 
tion on neo-aortic regurgitation is rare (1.4%), accounting for 
only 11.6% of all reoperations after ASO [44]. The apical 3- and 
5-chamber views and the parasternal long- and short-axis views 
are best to estimate the severity of the neo-aortic regurgitation. 
The severity of the neo-aortic regurgitation is graded based on 
the diameter of the jets vena contracta and the degree of dias¬ 
tolic retrograde flow in the abdominal aorta. The degree of LV 
dilation and dysfunction are important factors in the decision to 
operate on the neo-aortic valve for severe regurgitation. 

Right ventricular outflow tract and pulmonary arteries 
Stenosis of the RV outflow tract at any level is the most com¬ 
mon cause for late reoperation after ASO [30,31,43,45]. Losay 
et al. reported a 4% incidence of reoperation for RV outflow 
tract obstruction within 15 years [43]. Obstruction can occur at 
any level but most commonly at the suture line of the neo-main 
pulmonary arterial anastomosis. The subxiphoid oblique sagit¬ 
tal and the parasternal short-axis views best demonstrate this 
type of obstruction and both views provide appropriate angles 
of interrogation for PW and CW Doppler. Severity of neopul- 
monary regurgitation can also be estimated from these views. 
A high parasternal long-axis view demonstrates the RV outflow 
tract from the RV to the pulmonary artery bifurcation anterior to 
the ascending aorta. A left-to-right orientation of the transducer 
(index mark at 3 o’clock) from a high parasternal or a supraster¬ 
nal view demonstrates the pulmonary artery bifurcation with the 
proximal course of the branch pulmonary arteries anterior to the 
ascending aorta (as a result of the Lecompte maneuver) (Figure 
24.21). Peak velocities <2 m/s (predicted maximum instanta¬ 
neous gradient <16 mm Hg) across the distal main pulmonary 
artery and branch pulmonary arteries are within normal lim¬ 
its after ASO [46]. Trivial (gradient between 17 and 24 mmHg) 
supravalvar pulmonary stenosis is seen in up to 20% of patients 
with <4% developing gradients of more than 30 mmHg (Fig¬ 
ure 24.22; Video 24.22). Evaluation of branch pulmonary artery 
stenosis by Doppler should take into account the distribution of 
blood flow to each lung. This information can be determined by 
a lung perfusion nuclear scan or by CMR flow measurements. 

Ventricular size and function 

Given the potential for myocardial ischemia related to coronary 
artery abnormalities and neo-aortic valve regurgitation after the 
ASO, long-term follow-up of left ventricular size and function is 
required. In the majority of patients, LV size and function con¬ 
tinues to be within normal limits late after the ASO with a rapid 
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Figure 24.21 High parasternal short-axis view of the pulmonary arteries 
after the arterial switch operation with the Lecompte maneuver showing the 
position of the pulmonary artery bifurcation anterior to the aorta. Typically 
flow acceleration can be seen into the origins of the pulmonary arteries. Ao, 
aorta; LPA, left pulmonary artery; RPA, right pulmonary artery. 



Figure 24.22 Continuous-wave (CW) Doppler interrogation of branch 
pulmonary artery stenosis after the arterial switch procedure. CW Doppler 
of the left pulmonary artery with moderate to severe stenosis at the origin 
of the pulmonary artery. A peak gradient of 72 mmHg is measured in this 
patient. As the narrowing typically is a long segment stenosis, Doppler 
gradients often overestimate catheter gradients. 


two-stage procedure early in life being a risk factor for LV dys¬ 
function [47]. Methods for assessment of systolic and diastolic 
function are discussed in detail in Chapters 7 and 8. 


After the atrial switch operation 

Complications after an atrial switch operation include stenosis 
of the systemic and/or pulmonary venous pathways, baffle leak, 
atrial arrhythmias, tricuspid regurgitation, and systemic (RV) 
ventricular dysfunction. Pathway obstruction occurs in 11-31% 
of patients and is more common after the Mustard procedure 
[48,49]. Transthoracic echocardiography allows evaluation of 
the venous pathways in patients with good acoustic windows. 
However, alternative modalities are required in those with poor 
acoustic windows. TEE has been used extensively in atrial switch 
patients but its invasive nature and narrow field of view are rel¬ 
ative weaknesses as compared with CMR. 

Transthoracic echocardiographic evaluation of the pul¬ 
monary and systemic venous pathways requires systematic 
imaging of each pathway from several views (Figure 24.23). 
Whenever possible, the subxiphoid window should be used. The 
apical window provides excellent views of the venous pathways 
even when other acoustic windows are suboptimal (Figure 24.24; 
Video 24.23). Systematic sweeps following each pathway with 
2D and color Doppler can detect stenosis and spectral Doppler 
can measure the mean gradient. Imaging from parasternal win¬ 
dows can be helpful, especially imaging of the pulmonary venous 



Figure 24.23 Diagram showing the atrial baffles after the atrial switch 
procedure. 
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Figure 24.24 On this apical 4-chamber view the flow acceleration on the 
systemic venous baffle redirecting the blood towards the mitral valve can 
be detected. LV, left ventricle; RV, right ventricle. 


and superior limb of the systemic venous pathways, but subop- 
timal parasternal acoustic windows are common late after atrial 
switch procedure. TEE allows detailed imaging of the venous 
pathways and is the ideal method for detection of baffle leaks 
(Video 24.24). Imaging is performed in multiple views, prefer¬ 
ably using a multiplane probe (see Chapter 40 for details). Sim¬ 
ilar to transthoracic imaging, systematic sweeps of the trans¬ 
ducer across each of the venous pathways using 2D and color 
Doppler allow detection of stenoses and leaks. TEE is also help¬ 
ful for guidance of catheter-based treatment of pathway obstruc¬ 
tion [50-52]. 

The sensitivity of TEE in the detection of baffle leaks is 
higher compared with transthoracic imaging because of the 
long distance from the transducer to the atrium with the latter 
approach. Contrast echocardiography with injection of agitated 
saline through a peripheral intravenous cannula can help con¬ 
firm the presence and extent of baffle leaks. Presence of LV dila¬ 
tion should raise suspicion of an atrial baffle leak. 

The LV in atrial switch patients is typically low pressure 
and wraps around the systemic RV (Video 24.25). Significant 
mitral regurgitation and LV dysfunction are uncommon. In 
contrast, tricuspid regurgitation and systemic RV dysfunction 
are common late complications (Video 24.26). Quantification 
of systemic RV function by echocardiography remains a chal¬ 
lenge. In most clinical settings, assessment of global RV systolic 
function is qualitative. Quantitative methods include frac¬ 
tional area change [53] and tissue Doppler imaging. Meluzin 


et al. found that peak systolic tricuspid valve annular velocities 
<11.5 cm/s identified RV dysfunction with high sensitivity and 
specificity [54]. Isovolumic acceleration of the RV free wall is 
another measure that can be used for assessment of RV function 
after the atrial switch operation [55]. 

After the Rastelli operation 

In the long-term assessment after the Rastelli operation, 
obstruction of the RV-to-pulmonary artery conduit is essentially 
inevitable, requiring conduit revision or replacement. Echocar- 
diographic evaluation of the conduit and branch pulmonary 
arteries requires 2D, color, and spectral Doppler interrogations 
from several views. In infants and young children with good 
subxiphoid windows, the conduit can be imaged from short- 
axis views. This view is particularly helpful for evaluation of 
the proximal conduit anastomosis. However, even when good 
subxiphoid windows are present, the distal conduit anastomosis 
and branch pulmonary arteries are better seen from paraster¬ 
nal and suprasternal views. Optimizing patient position (e.g., 
lateral decubitus) and flexible use of nonstandard transducer 
position may allow visualization of the distal conduit and proxi¬ 
mal pulmonary arteries even in patients with restricted transtho¬ 
racic windows. Color Doppler is particularly helpful to identify 
flow through the conduit and to direct interrogation by spectral 
Doppler. Estimation of RV systolic pressure is based on the peak 
gradient across the conduit as well as the tricuspid regurgitation 
jet velocity and, when present, flow velocity across a VSD. 

Obstruction of the LV-to-aortic valve pathway, aortic regur¬ 
gitation, and LV dysfunction are potential late complications 
after the Rastelli operation. Another potential complication is 
residual VSD, including intramural defects that can develop 
years after surgery [56]. Detailed echocardiographic evaluation 
of these residual problems is integral to long-term follow-up of 
these patients (Video 24.27). 

Imaging in the adult 

Echocardiographic windows are often challenging in adults with 
TGA. Nevertheless, interval assessment of ventricular function, 
atrioventricular and semilunar valve function, venous pathways, 
and RV-to-pulmonary artery conduits is essential in the follow¬ 
up of the adult with TGA. Although transthoracic echocardiog¬ 
raphy is the first line of imaging in these patients, the importance 
of alternative diagnostic methods increases. Given the number 
of options available to practitioners caring for the adult with 
TGA (e.g., TEE, CMR, CTA, cardiac catheterization, single pho¬ 
ton emission tomography, positron emission tomography, gated 
radionuclide angiography), judicious, patient-specific selection 
of techniques is paramount. TEE is ideally suited for evalua¬ 
tion of the venous pathways after the atrial switch operation 
[57] but is limited in its ability to assess the function of the 
systemic RV. There is a high incidence of atrial arrhythmias, 
particularly atrial flutter and fibrillation after the atrial switch. 
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TEE is often required prior to cardioversion to detect intra-atrial 
thrombus. 

Among the alternative imaging modalities, CMR is particu¬ 
larly helpful in adults after surgery for TGA due to its excel¬ 
lent ability to noninvasively image all aspects of cardiovascu¬ 
lar anatomy, accurately measure biventricular size and function, 
measure blood flow (e.g., shunts, valve regurgitation), image 
the proximal coronary arteries, and assess myocardial viability. 
Freedom from exposure to ionizing radiation with its attendant 
risk of cancer renders CMR optimal for long-term follow-up in 
this patient group. CTA provides high spatial resolution static 
images of cardiovascular anatomy, including the coronary arter¬ 
ies [37]. ECG-gated cine CT can be used to assess ventricular size 
and function in patients who cannot undergo a CMR examina¬ 
tion (e.g., pacemaker) [58]. Cardiac catheterization is used selec¬ 
tively and its primary role is in catheter-based therapy. Radionu¬ 
clide techniques have been used to address specific clinical or 
research questions in adults with TGA but they are not routinely 
employed. 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 24.1 Subcostal coronal sweep to demonstrate great artery 
relationships. The pulmonary artery with the bifurcation is seen 
originating from the left ventricle and the aorta from the right 
ventricle. 

Video 24.2 Spatial relationship between the great arteries. Paraster¬ 
nal long-axis view with the typical parallel orientation of the great 
vessels. This view also demonstrates the fibrous continuity between 
the mitral valve and the pulmonary valve. 

Video 24.3 Spatial relationship between the great arteries. Paraster¬ 
nal short-axis view demonstrating the spatial relationship between 
the great arteries, the aorta being anterior and to the right of the 
pulmonary artery. 

Video 24.4 Commissural malalignment. Parasternal short-axis 
view demonstrating the commissural malalignment between the 
commissures of the aortic valve and pulmonary valve. In this exam¬ 
ple the commissures are clearly malaligned. 

Video 24.5 Ventricular function and size. Parasternal long-axis 
view in a patient with transposition of the great arteries. A large and 
hypertrophied right ventricle (RV) and somewhat smaller left ven¬ 
tricle can be seen. There is bulging of the interventricular septum 
into the left ventricle during systole. 

Video 24.6 Ventricular function and size. Parasternal short-axis 
view in a patient with transposition of the great arteries. A large and 
hypertrophied right ventricle (RV) and somewhat smaller left ven¬ 
tricle can be seen. The septum is flattening in systole. 


Video 24.7 Perimembranous ventricular septal defect (VSD). Api¬ 
cal 5-chamber view demonstrating the presence of a large perimem¬ 
branous VSD in a patient with transposition of the great arteries. 
The shunt goes from the right ventricle to the left ventricle. 

Video 24.8 Perimembranous ventricular septal defect (VSD). 
Parasternal short-axis view demonstrating the presence of a large 
perimembranous VSD in a patient with transposition of the great 
arteries. The shunt goes from the right ventricle to the left ventricle. 

Video 24.9 Transposition of the great arteries with anterior 
malalignment ventricular septal defect (VSD). On this apical view 
with anterior angulation, the parallel orientation of the great vessels 
is demonstrated. The VSD is visualized with the outlet part of the 
septum deviated anteriorly into the right ventricular outflow tract. 

Video 24.10 Transposition of the great arteries with 
perimembranous-to-outlet ventricular septal defect (VSD) with 
anterior malalignment. On this long-axis view the parallel orien¬ 
tation of the great vessels is demonstrated. A perimembranous-to- 
outlet VSD is visualized with the outlet septum deviated anteriorly 
into the right ventricular outflow tract. 

Video 24.11 Subcostal apical 4-chamber view of transposition 
of the great arteries with associated atrioventricular septal defect 
(AVSD). An inlet VSD with a single AV valve at the inlet of both 
ventricles can be noted on this clip. 

Video 24.12 Subcostal view in a patient with transposition of the 
great arteries (TGA) and a doubly committed ventricular septal 
defect (VSD). In this subcostal sweep, the VSD can be located in 
the outlet part of the septum just below the pulmonary and aortic 
valves. 

Video 24.13 Single coronary artery originating from sinus 1. The 
right coronary artery can be seen going anteriorly from the aorta 
(anterior loop). 

Video 24.14 Single coronary artery originating from sinus 1. Short- 
axis color Doppler view. The right coronary artery can be seen going 
anteriorly from the aorta (anterior loop). 

Video 24.15 Intramural course of left coronary artery (LCA). The 
LCA is originating from sinus 2 and has a proximal intramural 
course. 

Video 24.16 Patent arterial duct in a patient with transposition of 
the great arteries is best viewed using the ductal view. 

Video 24.17 Fetal image of patient with transposition of the great 
arteries. The outflow tracts from both ventricles are demonstrated 
with the parallel course of both great arteries, the aorta being ante¬ 
rior to the pulmonary artery. 

Video 24.18 Subcostal view monitoring a balloon septostomy in a 
patient with transposition of the great arteries. The inflated balloon 
is viewed to cross the intra-atrial septum from the left atrium to the 
right atrium. 
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Video 24.19 Patient with single coronary artery after arterial switch 
operation presenting with sudden collapse 13 years after the proce¬ 
dure. The transesophageal echocardiogram shows severe global left 
ventricular dysfunction. Angiography demonstrated an occluded 
LCA with extensive collateral flow from the RCA to the LCA. 

Video 24.20 Transesophageal echocardiogram in the same patient 
as in Video 24.19. The coronary ostium can be visualized with 
no flow to the left coronary artery (LCA) and flow exclusively to 
the right coronary artery (RCA). Angiography demonstrated an 
occluded LCA with extensive collateral flow from the RCA to the 
LCA. 

Video 24.21 Parasternal long-axis view from a patient after the 
arterial switch operation. The dilation of the neo-aortic root can be 
appreciated with a mild degree of aortic regurgitation. 

Video 24.22 High parasternal short-axis view of the pulmonary 
arteries after the arterial switch operation. Note that the pulmonary 
bifurcation is anterior to the aorta after the LeCompte maneuver. 
Also note the presence of turbulence at the origin of the right and 
left pulmonary arteries. 

Video 24.23 Apical 4-chamber view in color compare mode in a 
patient after the Mustard operation with obstruction of the superior 
vena caval (SVC) baffle. Turbulence of the baffle can clearly be seen. 
Notice also the mild to moderate degree of tricuspid regurgitation. 

Video 24.24 Parasternal short-axis view after the Senning opera¬ 
tion for transposition of the great arteries. The dilated and hypertro¬ 
phied right ventricle is demonstrated. The septum is flattened and 
bulges into the low-pressure left ventricle, causing the d-shape of the 
left ventricle. 

Video 24.25 Apical 4-chamber view in color compare mode in a 
patient after the Mustard operation presenting with severe tricus¬ 
pid regurgitation. Qualitatively there is a moderate degree of right 
ventricular dysfunction. 

Video 24.26 Transesophageal echocardiogram in a patient with 
a baffle leak after the Mustard operation. The communication 
between the pulmonary venous chamber and the systemic venous 
atrium can be seen with left-to-right shunt. 

Video 24.27 Patient with transposition of the great arteries, ven¬ 
tricular septal defect and pulmonary stenosis after the Rastelli oper¬ 
ation. In this apical 5-chamber view, the left ventricular to aortic 
pathway can be visualized. The left ventricular outflow tract was 
unobstructed in this patient. 
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Introduction 

Double-outlet ventricle exists when both great arteries are 
aligned with the right ventricle (RV: double-outlet right ven¬ 
tricle, or DORV), with the left ventricle (LV: double-outlet left 
ventricle, or DOLV), or with the infundibulum (double-outlet 
infundibulum). It is one type of ventriculo-arterial alignment 
within a classification system that describes the relationship of 
the semilunar valves and corresponding great arteries to the 
underlying ventricles (see Chapter 3). Other types of ventriculo¬ 
arterial alignments include concordant relationship, wherein the 
aorta arises from the LV and the pulmonary artery arises from 
the RV (such as normally related great arteries and anatomically 
corrected malposition of the great arteries); discordant relation¬ 
ship, wherein the aorta arises from the RV and the pulmonary 
artery arises from the LV (such as transposition of the great 
arteries, or TGA); and common outlet (such as truncus arte¬ 
riosus). Because the spectrum of ventriculo-arterial alignments 
is in fact a continuum, any classification system must involve 
drawing sharp borders within transition zones between “dis¬ 
crete” groups. As a result, some anatomic variations may straddle 
distinct categories at these transition zones. Nevertheless, classi¬ 
fication is indispensable in the study of congenital heart diseases, 
especially in terms of defining etiology, prevalence, natural his¬ 
tory, and treatment outcome. 

Double-outlet right ventricle 
Definition 

DORV occurs when both great arteries are completely or nearly 
completely aligned with the RV. Although this definition appears 
straightforward at first glance, the approach to making the diag¬ 
nosis has been fraught with controversy [1-5]. Over the past 
several decades, the diagnostic debate over this so-called “mor¬ 
phogenetic monster” [3] has focused primarily on whether the 
term DORV refers to a specific morphologic entity or to a 


broader group of defects with the same abnormal ventriculo¬ 
arterial alignment. In addition, the extent that one of the semilu¬ 
nar valves overrides the ventricular septal plane has contributed 
significantly to the confusion over this definition. Some argue 
that the “50% rule” should be utilized, defining origin of a 
great artery from a ventricle if more than half of the semilu¬ 
nar valve is related to that ventricle over a ventricular septal 
defect (VSD) [2,3]. Many others argue that the diagnosis should 
be reserved for cases where the great arteries are completely 
or nearly completely aligned with the RV (absent or minimal 
override) [6-9], an approach that minimizes overlap among the 
ventriculo-arterial alignment categories. Assigning a percentage 
to the degree of override can be arbitrary and imprecise, espe¬ 
cially given the complex three-dimensional (3D) relationship 
between the ventricles and great arteries, the curved geometry 
of the ventricular septum, and the rotational and translational 
motion of the heart during the cardiac and respiratory cycles. In 
addition, the aortic valve overrides the ventricular septum in a 
normal heart, and the degree of override is more pronounced in 
the setting of tetralogy of Fallot (TOF). Hence, the “50% rule” 
may classify many patients with TOF or with a VSD and nor¬ 
mally related great arteries as DORV, an approach that by itself 
contributes little to the clinical tasks of choosing appropriate 
intervention and predicting outcome. Regardless of the debates 
over definitions and classification systems, however, the primary 
task when caring for this heterogeneous group of patients is to 
obtain a precise morphologic and functional description of the 
heart in order to formulate a rational surgical approach [10-13]. 

Historical perspective 

In 1793, Abernathy provided one of the earliest descriptions 
of a heart where both great arteries originated from the RV 
[14]. However, during the nineteenth and early twentieth 
centuries, any abnormal relationship between the great arteries 
and ventricles was often considered as some form of TGA, and 
DORV was frequently classified as a subtype of TGA [15-17]. 
In 1949, Taussig and Bing described their famous heart with 


Echocardiography in Pediatric and Congenital Heart Disease: From Fetus to Adult, Second Edition. Edited by Wyman W. Lai, Luc L. Mertens, Meryl S. Cohen and Tal Geva. 
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd. 

Companion website: www.lai-echo.com 


466 




Chapter 25 Double-Outlet Ventricle 467 


“transposition of the aorta and levoposition of the pulmonary 
artery” [18], noted over a decade later to be a case of DORV with 
a subpulmonary VSD, bilateral conus, and side-by-side great 
arteries [1,19]. The specific term “double-outlet right ventricle” 
was first introduced by Witham in 1957 [20]. Witham, however, 
still described DORV as a “partial transposition complex,” and it 
was not until 1961 that McGoon utilized the term DORV on its 
own [9]. 

The role of the subarterial conus or infundibulum (outflow 
tract) in TGA and DORV has long been a focus of attention 
[1,5,18,21-23]. Van Praagh et al. highlighted the importance of 
abnormal conal development in the morphogenesis of abnor¬ 
mal great artery relationships [24]. They argued that DORV and 
TOF are separate entities with mutually exclusive diagnostic cri¬ 
teria, an important distinction when reporting surgical results 
[5]. Although earlier reports by Hallermann et al. [21] and by 
Baron [22] suggested that presence of both subaortic and sub- 
pulmonary conus defined DORV, Van Praagh et al. recognized 
that not all cases of DORV had bilateral conus and emphasized 
that the diagnosis is based not on the conal morphology but on 
the ventriculo-arterial alignment. 

In 1972, Lev et al. proposed a classification system for DORV 
based on the anatomic position of the VSD relative to the great 
arteries, a system that is still widely used today [25]. In 1973, 
Kirklin used the percentage by which a semilunar valve is related 
to each ventricle over a VSD to determine the ventriculo-arterial 
alignment in cases of anatomically corrected malposition of the 
great arteries with a VSD [26]. Anderson et al. subsequently 
proposed the “50% rule” in an effort to synthesize a nomencla¬ 
ture for the various ventriculo-arterial connections [2,3,27]. In 
2000, the Congenital Heart Surgery Nomenclature and Database 
Committee of the Society of Thoracic Surgeons defined DORV 
as “a type of ventriculo-arterial connection in which both great 
vessels arise either entirely or predominantly from the RV”, a 
deliberately broad definition allowing for individual interpre¬ 
tation of how a great artery arises “predominantly” from the 
RV [28]. 

Incidence 

DORV is an uncommon congenital heart disease with an esti¬ 
mated incidence of 12.7 per 100,000 live births, based on an anal¬ 
ysis of 16 published articles spanning many decades [29]. How¬ 
ever, the reported incidence per 100,000 live births has varied 
widely in individual reports: 3.2 in the New England Regional 
Infant Cardiac Program (1968-1974) [30]; 5.6 in the Baltimore- 
Washington Infant Study (1981-1982) [31]; 14.5 in the Alberta 
Heritage Pediatric Cardiology Program (1981-1984) [32]; and 
22 in the Metropolitan Atlanta Congenital Defects Program 
(1995-1997) [33]. Among all the congenital heart lesions in the 
Baltimore-Washington Infant Study, DORV ranks 12th in fre¬ 
quency, representing 2% of all the cases [34]. Among all the car¬ 
diac diagnoses made at Boston Childrens Hospital from 1988 to 
2002, DORV ranks 16th in frequency [35]. 


Etiology 

The etiology of DORV is not known and most cases are spo¬ 
radic. A small number of familial cases have been reported 
[36]. A recent study of published case reports, epidemiologic 
analyses, and animal studies of DORV revealed distinct patho¬ 
genetic mechanisms associated with DORV [37]. Chromoso¬ 
mal abnormalities were present in up to 41% of the cases, 
mostly trisomies 13 and 18, and a significant percentage of these 
patients had hypoplasia of left heart structures in association 
with DORV. Population-based studies, including the Baltimore - 
Washington Infant Study, revealed a lower prevalence of asso¬ 
ciated chromosomal abnormalities (12%) [34,38,39]. Although 
frequently associated with other conotruncal anomalies, chro¬ 
mosome 22qll deletion occurs rarely with DORV [37,40]. 
Mutations that have been described in association with the 
DORV phenotype in humans and animals include genes related 
to the neural crest (NF-1, Pax-3, RXRa) [41-44], genes control¬ 
ling laterality ( CFC1, Pitx2) [45,46], genes controlling transcrip¬ 
tional factors ( GATA-4,Nkx2.5,ZFPM2/FOG2 ) [47-51],genes 
controlling cell proliferation and transformation from endothe¬ 
lial to mesenchymal cells (TGF-j3 2 ) [52], genes controlling 
cell-to-cell communication ( Cx40) [53], and genes controlling 
outflow tract myocardialization ( ECE-l,ECE-2 ) [54] and polar¬ 
ization ( Vangl2 in the Lp mutant mouse) [55,56]. The large 
number and heterogeneity of genetic defects associated with 
DORV suggest that multiple developmental abnormalities may 
result in this phenotype. In addition, DORV has been produced 
in several experimental models, including surgical ligature of the 
chick embryonic conus to prevent its incorporation onto the LV 
after conal division [57], and surgical ablation of “cardiac” neu¬ 
ral crest cells in the chick embryo [58]. Finally, several mater¬ 
nal risk factors have been associated with the development of 
DORV, including nongestational diabetes [59], assisted repro¬ 
ductive technology [60], exposure to solvents [36], and use of 
codeine [61], retinoic acid [62], and theophylline [63]. 

Morphology and classification 

Developmental considerations 

Knowledge of the normal development of the ventricular out¬ 
flow tracts helps to elucidate some of the factors involved in 
the morphogenesis of DORV. A comprehensive review of car¬ 
diac embryology is beyond the scope of this chapter and can 
be found elsewhere [64-71]. At the conclusion of cardiac loop¬ 
ing, the conotruncus relates exclusively to the developing RV. 
Shortly thereafter, pairs of internal ridges or cushions develop 
along the proximal and distal outflow tracts in a spiraling orien¬ 
tation. This is followed by migration of mesenchymal cells from 
the pharyngeal pouches into the distal outflow tract walls, con¬ 
tributing to their transformation from myocardial tissue to arte¬ 
rial tissue. At approximately the same time, there is also migra¬ 
tion of cells derived from the neural crest into the developing 
cushions located in the distal segment of the conus and in the 
truncus arteriosus. The cushions with their neural crest-derived 
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cells begin to fuse distally within the truncus arteriosus, separat¬ 
ing the future proximal aorta from the future pulmonary artery. 
The arterial valve leaflets and sinuses also evolve from the devel¬ 
oping cushions at the base of the truncus arteriosus. The prox¬ 
imal (conal) cushions now begin to fuse, separating the sub- 
pulmonary outflow tract from the subaortic outflow tract, both 
of which are still committed to the developing RV. At around 
the same time, the endocardial cushion and muscular ventric¬ 
ular septum develop within the primordial ventricle. The fused 
proximal cushions eventually merge with the muscular ventric¬ 
ular septum, committing the pulmonary valve and artery to the 
RV, and the aortic valve and aorta to the LV. The subaortic out¬ 
flow tract or conus is still present at this time, and its regres¬ 
sion with consequent fibrous continuity between the mitral and 
aortic valves does not occur until approximately 12 weeks of 
gestation. 

Although the exact mechanisms of morphogenesis in humans 
is unknown at this time, studies suggest that DORV can result 
from abnormalities in genetic and environmental signals for dif¬ 
ferentiation, proliferation, and migration of cardiogenic cells in 
the primary and secondary heart fields as well as neural crest- 
derived cells. As discussed previously, the marked heterogene¬ 
ity that characterizes DORV morphology strongly suggests that 
several developmental mechanisms are involved. Developmen¬ 
tal arrest at the embryonic stage when the conotruncus relates 
exclusively to the RV, disruption in the development of the prox¬ 
imal cushions, and abnormal ventricular development (such as 
hypoplasia and malposition) with or without abnormal conus 
are some of the proposed mechanisms. 

Anatomy 

Given the morphologic and physiologic diversity of DORV, the 
following anatomic features are crucial in understanding each 
case and determining the optimal interventional approach: 

• VSD location and size and its relationship to the semilunar 
valves; 

• conal morphology; 

• spatial relationship of the great arteries to each other; 

• associated cardiac lesions, including outflow tract obstruction, 
atrioventricular (AV) valve anomalies, ventricular hypoplasia 
and malposition, and abnormal coronary artery patterns. 

VSD location and size 

Description of the VSD location, especially in terms of its spa¬ 
tial relationship to the great arteries, has long been recognized as 
a clinically useful classification system for DORV [8,25,72-74]. 
When present, the VSD may fall into one of four categories 
[5,12,13,73,75-79]: subaortic, subpulmonary, doubly commit¬ 
ted, or noncommitted (remote) VSD. It is important to recog¬ 
nize that the VSD in most cases of DORV is located between the 
antero-superior and postero-inferior limbs of the septal band. 
The only exceptions are cases with noncommitted (remote) 
VSD. The spatial relationship of the VSD to the semilunar valves 
is dictated by the presence, size, and position of the subarterial 


conus and by deficiency of adjacent septal segments such as the 
conal septum and AV canal septum. The size of the VSD, the 
distance from the VSD to the semilunar valves, and the pres¬ 
ence of AV valve attachments along the VSD margins or within 
the defect are important variables when planning surgical repair. 
Occasionally, there are multiple VSDs [12], and rarely, the ven¬ 
tricular septum is intact [73,80]. 

It is worth noting that in contrast to hearts with concordant or 
discordant ventriculo-arterial alignments where the conal sep¬ 
tum usually represents the superior border of a conoventricular 
septal defect, in hearts with DORV, the conal septum is a purely 
RV structure that does not contribute to the VSD margins. Thus, 
biventricular repair of DORV involves a baffle from the VSD to 
the closest semilunar root as opposed to simple patch closure of 
a VSD. 

Subaortic VSD (42-57% of cases) 

The defect is cradled between the limbs of septal band below 
the aortic valve. The postero-inferior margin may be in fibrous 
continuity with the tricuspid valve (confluent with the membra¬ 
nous septum), or it may consist of muscular extension of the 
posterior limb of the septal band [27,81]. This type of defect is 
termed malalignment VSD or conoventricular septal defect 
because the conal septum is malaligned with the underlying 
muscular septum. In DORV with D-malposition of the great 
arteries (aorta to the right of the pulmonary artery), the conal 
septum is rotated out of the plane of the ventricular septum 
and attaches to the antero-superior limb of the septal band 
(Figure 25.1) [81]. Pulmonary outflow tract obstruction is often 
present, and its severity is determined by the degree of ante¬ 
rior and leftward deviation of the conal septum and by asso¬ 
ciated pulmonary valve stenosis (Figure 25.2). In DORV with 
L-malposition of the great arteries (aorta to the left of the pul¬ 
monary artery), the subaortic VSD is situated more anteriorly 
and superiorly within the limbs of the septal band [82]. 

Subpulmonary VSD (24-37% of cases) 

The defect is also cradled between the limbs of septal band. How¬ 
ever, the conal septum is rotated out of the plane of the ventric¬ 
ular septum and attaches to the more posteriorly located ven- 
triculoinfundibular fold rather than to the antero-superior limb 
of the septal band (Figure 25.3) [81]. As a result, the conal sep¬ 
tum shields the aortic valve from the defect with only a short dis¬ 
tance from the defect to the pulmonary valve. In 60% of cases, 
the postero-inferior margin of the defect is in fibrous continuity 
with the AV valves (confluent with the membranous septum); 
a muscular inferior border occurs in the other 40% [75]. The 
subaortic conus is usually well developed, and the aortic valve 
is rightward relative to the pulmonary valve with either a side- 
by-side or slightly anterior position. The subpulmonary conus 
varies in size. In some cases the subpulmonary conus is incom¬ 
plete, allowing fibrous continuity between the pulmonary and 
tricuspid and/or mitral valves. The distinction between DORV 
and TGA in this scenario is dictated by the alignment between 
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Figure 25.1 DORV with a subaortic VSD 
where the conal septum is attached to the 
antero-superior limb of the septal band in (a) 
diagram, (b) pathology specimen (reproduced 
with permission of Professor Robert H. 
Anderson, Institute of Child Health, London, 
UK), and (c) modified subxiphoid short-axis 
view. Ao, aorta; CS, conal septum; LV, left 
ventricle; PA, pulmonary artery; RV, right 
ventricle; SB, septal band; VSD, ventricular 
septal defect. 



the pulmonary valve and the underlying ventricles: DORV is 
present when the pulmonary valve relates nearly exclusively to 
the RV, and TGA is present when the pulmonary valve relates 
nearly exclusively to the LV. Categorization of intermediate cases 
is challenging and one can describe such cases as having biven¬ 
tricular origin of the pulmonary artery. 

Although many consider DORV with a subpulmonary VSD 
synonymous with the Taussig-Bing anomaly it is worth not¬ 
ing that the original heart described by Taussig and Bing had 
DORV with a subpulmonary VSD, bilateral conus, and side-by- 
side great arteries [18]. In patients with this anatomy, hyper¬ 
trophy and rightward deviation of the conal septum as well as 
hypertrophy of the subaortic conal free wall can result in vary¬ 
ing degrees of subaortic stenosis, which in turn is associated with 
coarctation or aortic arch interruption. In addition, the mitral 
valve may straddle the VSD with attachments to the subpul¬ 
monary conus. 

Doubly committed VSD (3-12% of cases) 

As a result of absent or markedly deficient conal septum, the 
defect is in close proximity or even contiguous with both semilu¬ 
nar valves (Figure 25.4). The VSD is located superiorly and is 


often large. The semilunar valves represent the antero-superior 
margin of the defect. Because the VSD is cradled between the 
limbs of septal band, this part of the septal band along with 
the right ventriculoinfundibular fold form the entire postero- 
inferior margin of the defect; occasionally, however, the defect 
extends into the fibrous area of the membranous septum. Infre¬ 
quently, these defects are associated with pulmonary or aortic 
outflow tract obstruction [83] (Figure 25.4). 

Noncommitted (remote) VSD (9-19% of cases) 

The defect is not cradled between the limbs of septal band and 
thereby considered noncommitted or remote because of the dis¬ 
tance from the semilunar valves (Figure 25.5). The defect can be 
located in the AV canal (inlet) septum, along the posterior aspect 
of the membranous septum, or within the muscular septum. It is 
important to recognize that some subaortic and subpulmonary 
VSDs cradled between the limbs of the septal band may appear 
remote because of elongated subarterial conus [81]. 

Conal morphology 

Conal morphology is important in the comprehensive descrip¬ 
tion of DORV cases, but it is important to note that it is 
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Figure 25.2 DORV with a subaortic VSD and 
pulmonary stenosis (TOF type) secondary to 
significant anterior malalignment of the conal 
septum (a) diagram, (b) pathology specimen 
(reproduced with permission of Professor Robert 
H. Anderson, Institute of Child Health, London, 
UK), and (c) modified subxiphoid long-axis view 
(right axial oblique view) where the asterisk 
represents the conal septum. Ao, aorta; CS, conal 
septum; PA, pulmonary artery; RV, right ventricle; 
VSD, ventricular septal defect. 




Figure 25.3 DORV with a subpulmonary VSD 
where the conal septum is attached to the right 
ventriculo-infundibular fold in (a) diagram, (b) 
pathology specimen (reproduced with permission 
of Professor Robert H. Anderson, Institute of Child 
Health, London, UK), and (c) subxiphoid long-axis 
view. Ao, aorta; CS, conal septum; LV, left ventricle; 
PA, pulmonary artery; RV, right ventricle; SB, septal 
band; VSD, ventricular septal defect. 
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Figure 25.4 DORV with a doubly committed 
VSD and absent conal septum in (a) diagram, 

(b) pathology specimen (reproduced with 
permission of Professor Robert H. Anderson, 

Institute of Child Health, London, UK), and 

(c) subxiphoid short-axis view showing 

pulmonary stenosis. Ao, aorta; LV, left 
ventricle; PA, pulmonary artery; RV, right 
ventricle; SB, septal band; VSD, ventricular 
septal defect. (0 

not a determining factor in the definition of DORV [10,84]. 
Many configurations of conal morphology occur in DORV cases 
(Figure 25.6), including bilateral conus, subpulmonary conus 
with absent subaortic conus, subaortic conus with absent sub- 
pulmonary conus, or bilaterally absent conus. Van Praagh et al. 
[5,24] as well as Kirklin [78] have suggested that conal morphol¬ 
ogy is the primary determinant of the various patterns of great 
artery relationships seen in DORV. This view, however, has not 
been endorsed unanimously [10]. Other classification schemes 
of conal anatomy have been proposed as well [85]. 

An important aspect of the description of conal morphology 
is the distance from the VSD to each semilunar valve. This is 
particularly relevant in the setting of bilateral conus where sur¬ 
gical repair involves a baffle from the LV through the VSD to 
the nearest semilunar valve (Figure 25.7). This distance has been 
shown to be predictive of adverse postoperative events such as 


residual LV outflow tract obstruction and death [86]. In patients 
with DORV and subaortic VSD, as the size of the subaortic conus 
increases, the distance from the tricuspid valve to the aortic valve 
increases and the distance from the tricuspid valve to the pul¬ 
monary valve decreases. Because the pathway from the LV to the 
aortic valve usually passes between the tricuspid and pulmonary 
valves, this distance is important in determining the feasibil¬ 
ity of intraventricular baffling (Figure 25.8) [10,11,87]. Another 
important consideration in planning surgical repair is the mor¬ 
phology of the conal septum within the RV. The conal septum 
may be prominent with significant AV valve attachments, poten¬ 
tially hindering the course of an intraventricular baffle from 
the VSD to the closest semilunar valve. These attachments may 
also be problematic in cases where the semilunar valve adja¬ 
cent to the VSD is hypoplastic and/or stenotic, and biventric¬ 
ular repair would require baffling from the VSD to the distant 
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Figure 25.5 DORV with a remote VSD in (a) diagram, (b) pathology specimen (reproduced with permission of Professor Robert H. Anderson, Institute of 
Child Health, London, UK), (c) modified subxiphoid short-axis view showing the relationship of the great arteries to the VSD, and (d) an apical 4-chamber 
view showing the complete AV canal defect. Ao, aorta; AVV, atrioventricular valve; CAVC, complete atrioventricular canal defect; CS, conal septum; LV, 
left ventricle; PA, pulmonary artery; RV, right ventricle; VSD, ventricular septal defect. 



Figure 25.6 Diagrams depicting the four categories of conal morphology: (a) bilateral conus, (b) absent subaortic conus, (c) absent subpulmonary conus, 
and (d) bilaterally absent conus. 
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Figure 25.7 Pathology specimen of a DORV with bilateral conus (indicated 
by the asterisks). Ao, aortic valve; CS, conal septum; PA, pulmonary artery; 
VSD, ventricular septal defect. Source: Reproduced with permission of 
Professor Robert H. Anderson, Institute of Child Health, London, UK. 


semilunar valve and resection of the conal septum. The conal 
septum may also deviate into one or the other subarterial out¬ 
flow tract, resulting in subaortic or subpulmonary stenosis. In 
DORV with pulmonary outflow tract obstruction, this devia¬ 
tion may or may not be associated with subpulmonary conal 
hypoplasia (Figure 25.2). Often there is also pulmonary valve 
involvement with hypoplasia of the pulmonary annulus and pul¬ 
monary trunk as seen in TOF. In DORV with a subpulmonary 
VSD, the conal septum occasionally deviates into the subaortic 
region resulting in subaortic stenosis, coarctation, or aortic arch 
interruption (Figure 25.9). 



AoV 



Figure 25.8 Diagram of how the distance from the tricuspid valve to the 
pulmonary valve can affect the potential baffle pathway from the LV to the 
aorta. 


Great artery relationships 

The spatial relationships between the semilunar valves and their 
corresponding proximal great arteries vary markedly. Common 
examples include side-by-side great arteries with either D- or 
L-malposition of the aortic valve relative to the pulmonary valve, 
posterior and rightward aortic valve relative to the pulmonary 
valve (as in normally related great arteries), anterior and right- 
ward aortic valve (as in D-malposition), aortic valve directly 
anterior to the pulmonary valve (as in A-malposition), posterior 
and leftward aortic valve (as in situs inversus totalis), or anterior 
and leftward aortic valve (as in L-malposition). The spatial ori¬ 
entation of the great arteries relative to each other can be crossed 
or parallel. In the most common variant of DORV with subaor¬ 
tic VSD, the aorta is often rightward and either slightly posterior 
or side-by-side relative to the main pulmonary artery. In DORV 
with subpulmonary VSD, the great arteries are generally side- 
by-side and parallel in their relationship, but the aorta can also 



(a) (b) 

Figure 25.9 DORV with a subpulmonary VSD, narrow subaortic region, and coarctation in (a) subxiphoid long-axis (the asterisk represents the conal 
septum) and (b) suprasternal views. Ao, aorta; Dao, descending aorta; LCCA, left common carotid artery; LV, left ventricle; PA, pulmonary artery; PDA, 
patent ductus arteriosus; RV, right ventricle. 
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be anterior and rightward relative to the pulmonary artery at the 
base of the heart (similar to typical D-loop TGA). Notably, the 
spatial relationship of the great arteries does not always predict 
the VSD location [78] or the conal morphology [10]. 

Associated lesions 

Outflow tract obstruction occurs in up to 70% of DORV cases 
[12,13,75,78,88]. This usually requires some modification to sur¬ 
gical management. The most common variant involves pul¬ 
monary outflow tract obstruction at the subvalvar and/or valvar 
level, often seen in DORV with a subaortic VSD (Figure 25.2). 
Subpulmonary stenosis results from similar anatomic abnormal¬ 
ities seen in TOF: leftward, anterior, and superior deviation of 
the conal septum relative to the muscular septum, and hypertro¬ 
phy of the conal free wall. The subpulmonary conus is hypoplas¬ 
tic, usually with significant obstruction. In the most severe cases, 
there is pulmonary atresia. Although the term DORV with pul¬ 
monary atresia can be problematic, the pulmonary trunk in most 
cases is clearly anchored to the RV such that the absence of lumi¬ 
nal continuity does not preclude determination of spatial align¬ 
ment between the RV and the pulmonary trunk (Figure 25.10; 
Video 25. 1). If the pulmonary artery segment is difficult to iden¬ 
tify, the anatomy can be labeled as right ventricular origin of 
the aorta with pulmonary atresia. Along the aortic outflow tract, 
subaortic stenosis and/or aortic arch obstruction (coarctation 
or aortic arch interruption) can occur in up to 50% of DORV 
cases with a subpulmonary VSD (Figure 25.9) [85,89,90]. In 
these cases, subaortic stenosis usually results from muscular nar¬ 
rowing produced by the conal septum (which is deviated to the 
right), a hypertrophied right ventriculoinfundibular fold, and 
the RV conal anterior free wall. 



Figure 25.10 DORV with membranous pulmonary atresia in an apical 
view. Ao, aorta; LV, left ventricle; PA, pulmonary artery; RV, right ventricle. 


AV valve anomalies, including a common AV valve in the 
setting of an AV canal defect, occur in up to 35% of DORV 
cases [75,88]. Anomalies of the mitral valve in DORV can pose 
a challenge for surgical repair [13,77,91]. In particular, a strad¬ 
dling mitral valve, which can occur in up to 20% of DORV cases 
with a subpulmonary VSD (Figure 25.11) [75,90,92], may com¬ 
plicate a biventricular repair [93,94] leading to a single ventri¬ 
cle palliation [95-97]. Parachute mitral valve, supramitral ring, 
mitral valve hypoplasia, and typical forms of mitral stenosis can 
also influence the surgical approach and may affect long-term 
prognosis. DORV with mitral atresia is a rare association that 
requires a single ventricle palliation. A straddling tricuspid valve 
can also occur in DORV with an AV canal-type VSD. Rarely, the 
AV valves are situated in a criss-cross orientation, resulting in 
a complex relationship between the VSD and the great arteries 
(Figure 25.12). 

Other associated lesions include atrial septal defects, per¬ 
sistent left superior vena cava, and leftward juxtaposition of 
the atrial appendages, which occurs most frequently when the 
ascending aorta and pulmonary trunk are located along the 
extreme right ward aspect of the heart (Figure 25.13) [98]. DORV 
is common in patients with heterotaxy syndrome (usually of 
the asplenia type), often with associated systemic and pul¬ 
monary venous anomalies, common AV canal defects, and/or 
LV hypoplasia [99-101]. Many heterotaxy cases cannot support 
a biventricular circulation and must therefore undergo single 
ventricle palliation. A distinct constellation of cardiac anoma¬ 
lies involves a DORV with hypoplasia of the tricuspid valve and 
RV sinus, superior-inferior ventricles with criss-cross AV valves, 
and subvalvar and valvar pulmonary stenosis [5,102]. 

Coronary artery abnormalities occur in up to 30% of DORV 
cases [3] (Figure 25.14), with an increased frequency in those 
with a subpulmonary or a remote VSD [12,103,104]. Side-by- 
side great arteries is another risk factor for an abnormal coro¬ 
nary arterial pattern [105]. The coronary artery pattern can be 
an important determinant of surgical management. For exam¬ 
ple, in DORV with a subpulmonary VSD requiring an arterial 
switch operation, an intramural coronary artery can increase the 
complexity of the operation. In DORV with a subaortic VSD 
and pulmonary stenosis, a coronary artery crossing the RV out¬ 
flow tract can influence surgical management of the pulmonary 
stenosis (Figure 25.15). 

Pathophysiology 

The variable clinical presentation and course of DORV patients 
reflect the anatomic and hemodynamic heterogeneity of this 
group [28]. The pathophysiology is determined primarily by 
VSD size, VSD relationship to the great arteries and the conse¬ 
quent effects of blood flow streaming, presence of pulmonary 
or aortic outflow tract obstruction, pulmonary vascular resis¬ 
tance, and associated cardiovascular anomalies. The most com¬ 
mon pathophysiologic variants include: 

• VSD physiology (DORV with a large subaortic VSD and no 

pulmonary stenosis); 
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(a) (b) 

Figure 25.11 DORV with a subpulmonary VSD and straddling MV in (a) a pathology specimen (the Ao is located behind the conal septum) (reproduced 
with permission from Professor Robert H. Anderson, Institute of Child Health, London, UK), and (b) a subxiphoid short-axis view (the asterisks represent 
MV attachments). CS, conal septum; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; RV, right ventricle. 

• TOF physiology (DORV with a subaortic VSD and pulmonary used to determine the anatomic and physiologic features neces- 

stenosis); sary for management decisions. Preoperative cardiac catheter- 

• TGA physiology (DORV with a subpulmonary VSD ± aortic ization is seldom used in infants with DORV except when a 

outflow obstruction); transcatheter intervention is expected (e.g., balloon atrial sep- 

• single-ventricle physiology (DORV with mitral atresia or sig- tostomy). In selected cases with complex anatomy and uncer- 

nificant ventricular hypoplasia, often in association with an tainty regarding complex venous or arterial anatomy or when a 

unbalanced AV canal defect and/or heterotaxy syndrome). single versus biventricular approach is contemplated, cardiovas¬ 

cular magnetic resonance (CMR) may be used as an adjunct to 

Imaging transthoracic echocardiography. Intraoperative transesophageal 

The diagnosis of DORV is usually established by transtho- echocardiography (TEE) is often performed at the conclusion of 
racic echocardiography which is the primary diagnostic tool cardiopulmonary bypass to evaluate the repair. 



(a) (b) 

Figure 25.12 DORV with criss-cross AV valve orientation and superior-inferior ventricles in subxiphoid long-axis views showing (a) the right-left 
relationship of the right atrium to the superior RV, and (b) the postero-anterior relationship of the left atrium to the inferior LV. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 











(a) (b) 

Figure 25.13 DORV with leftward juxtaposition of the atrial appendages in (a) subxiphoid long-axis and (b) apical views. LA, left atrium; LV, left ventricle; 
RA, right atrium; RAA, right atrial appendage; RV, right ventricle. 
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Figure 25.14 Diagram of the possible coronary artery patterns seen with DORV. Ao, aorta; CC, conal coronary artery; Cx, circumflex coronary artery; 
LAD, left anterior descending coronary artery; RCA, right coronary artery 
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Figure 25.15 DORV, subaortic VSD, and pulmonary stenosis (TOF type) 
where the right coronary artery conal branch (asterisk) crosses in front of 
the pulmonary outflow tract and supplies the anterior descending coronary 
artery shown in a parasternal short-axis view. AoV, aortic valve; PV, 
pulmonary valve. 


Key elements 
Preoperative examination 

The initial echocardiogram should establish the diagnosis and 
provide a comprehensive morphologic and physiologic descrip¬ 
tion in order to determine the appropriate therapy. In addition 
to a detailed segmental approach (Chapter 3) [2,106-108], the 
evaluation should focus on the following features: 



■ Ventriculo-arterial alignment 

• Imaging of the spatial relationships (alignments) between 
the ventricles and the semilunar valves and arterial roots 
by 2D and color Doppler sweeps from the subxiphoid, api¬ 
cal, and parasternal long- and short-axis views (Video 25.2). 
Particular attention is given to delineation of the ventricu¬ 
lar septal plane in relation to the positions of the semilu¬ 
nar valves. DORV is present when blood flow from the 
LV has to cross the VSD in order to reach the semilunar 
valves. 

• Parasternal short-axis sweep from the arterial roots to the 
apex to demonstrate the plane of the ventricular septum 
beyond the VSD and the imaginary line representing this 
plane as it transects the semilunar valves in order to delin¬ 
eate the degree of commitment to each ventricle. 

• When feasible, real-time 3D imaging. 

• Intraoperative pre-cardiopulmonary bypass TEE to confirm 
the preoperative diagnoses and to provide the surgeon and 
cardiologist another opportunity to review the planned sur¬ 
gical approach (Figure 25.16; Video 25.3). 

■ Systemic and pulmonary venous return and atrial morpho- 

iogy 

• Subxiphoid, apical, parasternal short-axis, high right 
parasternal border, and suprasternal views to evaluate the 
systemic and pulmonary venous connections as well as the 
atrial septum. 

• Subxiphoid long-axis, apical, and parasternal short-axis 
sweeps to display the relationship of the atrial appendages 
to the great arteries (Figure 25.13; Video 25.4); when the 
septal plane appears abnormally perpendicular to its usual 
location, one should consider leftward juxtaposition of the 
atrial appendages because the perceived “atrial septum” is 



(a) (b) 

Figure 25.16 Preoperative TEE in a vertical (longitudinal) plane of (a) DORV with a subaortic VSD and bilateral conus, and (b) DORV with a 
subpulmonary VSD and mildly narrow subaortic region. Ao, aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right 
ventricle. 
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(a) (b) 

Figure 25.17 Unusual DORV with mild LV hypoplasia and bilateral straddling through a remote VSD in subxiphoid long-axis views showing (a) 
straddling of the right-sided and left-sided AV valves through the VSD where the asterisks represent the attachments of both AV valves to both ventricles, 
and (b) both great arteries originating from the RV. Ao, aorta; LA, left atrium; LAW, left atrioventricular valve; LV, left ventricle; PA, pulmonary artery; 
RA, right atrium; RAW, right atrioventricular valve; RV, right ventricle. 


occasionally the plane of separation between the right atrial 
appendage and the left atrial chamber or appendage. 

■ Atrioventricular canal 

• Subxiphoid, apical, and parasternal views by 2- and 3D 
imaging to display the AV valves with particular attention 
to: 

° Stenosis and/or regurgitation; 

° Straddling chordae tendineae and leaflet tissue (Figures 
25.11 and 25.17; Videos 25.5 and 25.6); 

° Other congenital anomalies of the mitral valve, such as a 
parachute deformity, short chordae, or supramitral ring 
(Figure 25.18; Video 25.7); 

° Criss-cross AV valves characterized by nearly perpendic¬ 
ular valve plane-to-ventricular apex axes associated with 
perpendicular AV valve planes (Figure 25.12; Video 25.8); 
° AV valve annular diameters. 

■ Ventricular morphology and size 

• Ventricular morphology is discussed in Chapters 3 and 4, 
and the methodology to measure ventricular volume and 
mass is discussed in Chapter 5. 

■ VSD location and size 

• Margins of subaortic, subpulmonary, and doubly- 
committed VSDs 

° Inferior margin - usually the crest of the muscular septum 
between the limbs of septal band; 

° Postero-inferior margin - usually the area of fibrous con¬ 
tinuity between the tricuspid and mitral valves (when the 
defect is confluent with the membranous septum) or the 
muscular ventriculoinfundibular fold in continuity with 
posterior limb of the septal band; 

° Antero-superior margin - usually the adjacent semilunar 
valve or subarterial conus. 

• Subxiphoid, apical, and parasternal sweeps to delineate the 
location, extent, and boundaries of the VSD and its spatial 


relationship to great arteries (Figures 25.1, 25.3, 25.4, 25.5; 
Videos 25.9-25.12) 

° Subxiphoid short-axis sweeps to distinguish a subaortic 
VSD from a subpulmonary VSD in D-malposition (right- 
ward aorta); if the VSD is seen before the conal septum 
during sweep from right to left, then it is likely a subaortic 



Figure 25.18 DORV with MS and LV hypoplasia in an apical 4-chamber 
view LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 
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Figure 25.19 DORV with a subpulmonary VSD and tricuspid valve 
attachments to the conal septum and around the VSD (represented by 
asterisks) in a 3D apical view. Ao, aorta; LV, left ventricle; PA, pulmonary 
artery; RV, right ventricle. 


VSD; if the VSD is seen after the conal septum, then it is 
likely a subpulmonary VSD; 

° Subxiphoid, apical, and parasternal views to evaluate the 
path from the VSD to the nearest semilunar valve and 
to exclude potential obstacles to a baffle (e.g., AV valve 
attachments) (Figure 25.19); 

° Subxiphoid, apical, and parasternal views to evaluate 
remote VSDs, which are usually located in the AV canal 
(inlet) septum or within the muscular septum. Exclude 
straddling AV valves and multiple muscular VSDs. 

■ Conal morphology and outflow tract obstruction 

• Subxiphoid, apical, and parasternal views to determine the 
type of conus (bilateral, subaortic, subpulmonary, or bilat¬ 
erally absent) and presence and mechanism of outflow 
obstruction (Video 25.13). The subxiphoid view is partic¬ 
ularly useful to determine muscular separation between the 
tricuspid valve and the nearest semilunar valve whereas the 
parasternal long-axis view is ideal for determining muscular 
separation between the mitral valve and the nearest semilu¬ 
nar valve. 

• Color-coded and spectral Doppler evaluation of outflow 
obstruction. When subaortic or subpulmonary stenosis is 
present, document the maximum instantaneous and mean 
gradients as well as the heart rate. 

• Subxiphoid, apical, and parasternal views to exclude tricus¬ 
pid valve attachments to the conal septum. 

• Subxiphoid sweeps in DORV with a subpulmonary VSD 
to delineate the muscular tunnel produced by the conal 
septum (which is deviated to the right), a hypertrophied 


right ventriculoinfundibular fold, and the RV conal anterior 
free wall, all of which can contribute to subaortic stenosis 
(Figure 25.9a). 

■ Arterial roots 

• Subxiphoid long-axis sweeps with a transverse probe orien¬ 
tation (index mark at 3 pm) to assess the spatial relation¬ 
ship between the great arteries; the appearance of each great 
artery is noted during the sweep in order to determine their 
relative positions 

° Side-by-side great arteries will appear simultaneously 
during the sweep; 

° Great arteries in direct anterior-posterior relationship will 
not be visible at the same time but should appear sepa¬ 
rately in the same area during the sweep (Video 25.13); 

• Imaging of the spatial positions of the semilunar valves and 
arterial roots from a high left parasternal transverse plane 
(index mark at 3 pm). 

■ Coronary arteries 

• Parasternal short-axis views using a high frequency trans¬ 
ducer to evaluate the origins and proximal courses of the 
coronary arteries. Imaging from other acoustic windows 
(e.g., parasternal long-axis, apical, and subxiphoid) is often 
helpful; 

° Coronary arteries should originate from the two aortic 
sinuses facing the pulmonary valve with bifurcation of the 
left main coronary artery into the anterior descending and 
circumflex coronary arteries; 

° Absent bifurcation of the left coronary artery can indicate 
abnormal origin of one or more of the branches, which 
may course anteriorly or posteriorly to the pulmonary 
root in order to reach its usual distribution site (such 
as inverted coronary arteries and origin of the anterior 
descending or circumflex coronary artery from the right 
coronary artery) (Figure 25.15; Video 25.14); 

° Rule out intramural coronary artery. 

• Subxiphoid long-axis and apical sweeps to display an abnor¬ 
mal posterior coronary artery (Figure 25.20). 

■ Aortic arch 

• Suprasternal long-axis views to evaluate aortic arch abnor¬ 
malities such as coarctation and aortic arch interruption 
(Figure 25.9b). Measure the calibers of the distal transverse 
arch and isthmus. In interrupted aortic arch, measure the 
distance between the interrupted segments. 

• Suprasternal transverse view to determine the branching 
pattern of the aortic arch. 

• High left parasagittal view (also known as the ductal view), 
with the probe placed superiorly on the left chest in a ver¬ 
tical orientation, to display the aortic isthmus (at the level 
of the coarctation if present) and to evaluate a patent ductus 
arteriosus. 

• Doppler evaluation of the flow profile in the abdomi¬ 
nal aorta from a subxiphoid parasagittal plane; a blunted 
upstroke and prolonged deceleration are suggestive of aortic 
coarctation. 
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Figure 25.20 DORV with a subpulmonary VSD and a circumflex coronary 
artery (asterisk) which originates from the right coronary artery and 
courses behind the pulmonary trunk in a subxiphoid long-axis view LV, 
left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle. 


Postoperative examination 

Surgical options for DORV include the following categories: 

• Baffle from the LV to the aortic valve with or without resection 
of the conal septum while assuring unobstructed intracardiac 
flow from the RV to the pulmonary arteries. 

• Baffle from the LV to the aortic valve with or without resec¬ 
tion of the conal septum as well as placement of a homo- 
graft or conduit from the RV to the pulmonary artery (Rastelli 


procedure) or direct anastomosis of the pulmonary trunk to 
the RV free wall (reparation a Vetage ventriculaire or REV 
procedure). 

• Baffle from the LV to the pulmonary valve and arterial switch 
operation. 

• Aortic root translocation, baffle from the LV to the aortic 
valve, and placement of a homograft from the RV to the pul¬ 
monary artery [109]. 

• Single ventricle palliation. 

The post-cardiopulmonary bypass TEE in patients undergo¬ 
ing biventricular repair should exclude the following postoper¬ 
ative problems: 

• Residual VSD 

■ Along the patch margins with the ventricular septum; 

■ Along the patch margin at its attachment to the RV free wall 
(the so-called intramural VSD) [110]; 

■ In the muscular septum. 

• Aortic outflow tract obstruction (Figure 25.21; Video 25.15), 
especially if the preoperative anatomy involved a small VSD, 
an elongated subaortic conus, or straddling AV valves. 

• Pulmonary outflow tract obstruction. 

• Pulmonary regurgitation, especially after a Rastelli or REV 
procedure. 

• AV valve stenosis or regurgitation. 

• Residual atrial septal defect or patent foramen ovale. 

• Ventricular dysfunction. 

The long-term sequelae of biventricular repair for DORV are 
as variable as the wide spectrum of preoperative morphologic 
and physiologic features. Some of the residual problems that may 
affect a patients clinical status after biventricular repair include: 

• Residual patch margin VSD. 



Figure 25.21 Postoperative TEE in a vertical (longitudinal) plane after biventricular repair of a DORV with a subaortic VSD, bilateral conus, and 
prominent muscle bundles in the subaortic conus now with (a) narrowing along the subaortic region and (b) turbulence in flow along this area by color 
flow mapping. Ao, aorta; LV, left ventricle; RV, right ventricle. 
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Figure 25.22 Subxiphoid short-axis view after 
biventricular repair of a DORV with a 
subaortic conus showing a small residual 
intramural VSD (asterisk) at the 
antero-superior patch margin where it is 
attached to the RV anterior free wall below the 
AoV. LV, left ventricle; RV, right ventricle. 



• Intramural VSD (Figure 25.22; Video 25.16) [110] 

■ Located at the margin between the patch and RV free wall, 
often just below the aortic valve; 

■ Not always recognized because of its unusual location; 

■ Not always present in the early postoperative period until 
associated RV hypertrophy regresses; can increase in size 
over time. 

• Subaortic stenosis, particularly in patients who had a remote 
VSD or those whose VSD required enlargement (Video 25.17) 
[12,13]. 

• Neo-aortic valve regurgitation, supravalvar aortic stenosis, or 
neo-aortic root dilation after arterial switch operation. 

• Aortic arch obstruction after coarctation repair or aortic arch 
reconstruction. 

• Subvalvar pulmonary stenosis. 

• Pulmonary stenosis, due to obstruction along the homograft 
or conduit after a Rastelli procedure or at the anastomosis of 
the pulmonary trunk to the RV in a REV procedure. 

• Pulmonary regurgitation associated with a transannular RV 
outflow tract patch, pulmonary valvotomy, or homograft 
valve. 

• Supravalvar pulmonary stenosis or branch pulmonary artery 
obstruction after arterial switch operation. 

• Mitral or tricuspid valve regurgitation or stenosis in patients 
after AV canal defect repair. 

• Ventricular dysfunction. 

Some of these issues may be relevant for DORV patients requir¬ 
ing single ventricle palliation, but the long-term follow-up for 
this group of patients is discussed in other sections of this book. 

Prenatal assessment 

Similar to the postnatal data presented in the Baltimore- 
Washington Infant Study [34], DORV is the 12th most frequent 
diagnosis in a combined series of fetal cardiac malformations 
reported by Allan and Sharland [111], representing 62/2136 
fetuses with congenital heart disease. In studies evaluating fetal 
detection of cardiac malformations [112,113], the prenatal 
incidence of DORV (1/6727 in low-risk and 1/3246 in high- 
risk pregnancies) is higher than the reported postnatal rates 


discussed previously [29-33]. This discrepancy may relate to 
high intra-uterine and neonatal mortality rates [114], variable 
diagnostic criteria, and selection bias. 

DORV is often missed on routine obstetric ultrasound screen¬ 
ing because the 4-chamber view is usually normal. Occasionally 
a ventricular or great arterial size discrepancy triggers the need 
for a fetal echocardiogram, during which the diagnosis can be 
made (Figure 25.23; Video 25.18). As in the postnatal assess¬ 
ment of DORV, the fetal study should evaluate the VSD, conal 
morphology, outflow tract obstruction, spatial relationship of 
the great arteries, anomalies of the aortic arch, and associated 
malformations. Pulmonary outflow tract obstruction in the fetus 
may not be associated with a significant pressure gradient by 
Doppler, but color flow mapping may reveal reversal of normal 
flow in the ductus arteriosus (from the aorta to the pulmonary 
arteries). Similarly, significant subaortic stenosis maybe associ¬ 
ated with reversal of flow in the aortic arch. 

Prenatal diagnosis of DORV does not appear to affect 
outcome when compared to postnatally diagnosed patients 
[115]. However, when a DORV is detected in utero, counseling 
should include discussion of the anatomic and functional 
findings, treatment options, mortality and morbidity statistics, 
and neurodevelopmental outcomes data. It is also important 
to recognize that the fetal echocardiogram may not provide all 
the morphologic information needed to choose the appropriate 
surgical intervention. Amniocentesis should be recommended 
given the high frequency of chromosomal abnormalities 
associated with DORV [34]. 

Imaging of the adult 

Although most adults with DORV have undergone surgical 
intervention, few patients survive to adulthood without inter¬ 
vention. Examples include patients with pulmonary stenosis and 
optimal balance between systemic and pulmonary blood flow 
and those without pulmonary stenosis and pulmonary vascular 
obstructive disease. Another small group of adult patients are 
those who underwent a palliative systemic-to-pulmonary artery 
shunt procedure in early childhood but no subsequent repair. 
Transthoracic echocardiographic evaluation is challenging 
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(a) (b) 

Figure 25.23 Fetal echocardiogram of a DORV with a subpulmonary VSD showing (a) the parallel great arteries originating from the RV, and (b) the small 
aortic arch inserting onto the ductal arch suggestive of aortic coarctation. Ao, aorta; LV, left ventricle; PA, pulmonary artery; RV, right ventricle. Source: 
Courtesy of Dr. Jack Rychik, Childrens Hospital of Philadelphia. 


in adults with repaired or palliated DORV because most do 
not have good subxiphoid windows, and parasternal views are 
limited in the setting of postoperative scarring and highly reflec¬ 
tive structures such as calcified valves, patches, and conduits. 
Although assessment of AV valve and LV function can usually 
be accomplished in apical and parasternal views, evaluation 
of complex baffle pathways in terms of residual outflow tract 
obstruction and intracardiac shunt can be difficult. Frequently, 
TEE, CMR, or cardiac catheterization is necessary to obtain ade¬ 
quate anatomic and physiologic data. CMR is a particularly use¬ 
ful adjunct to echocardiography in adolescent and adult patients 
with palliated DORV because this modality is not invasive, does 
not expose patients to ionizing radiation and its associated risk 
of cancer, and is capable of providing comprehensive morpho¬ 
logic and hemodynamic information irrespective of body size 
[116]. Computed tomography is a noninvasive alternative to 
CMR in patients with pacemakers or implanted defibrillators, 
though this modality provides little functional information. 

Double-outlet left ventricle 
Definition 

Double-outlet left ventricle (DOLV) is a rare type of ventriculo¬ 
arterial alignment defined as complete or nearly complete origin 
of both great arteries from the LV. Similar to DORV, the Congen¬ 
ital Heart Surgery Nomenclature and Database Committee of 
the Society of Thoracic Surgeons has defined DOLV as “a type of 
ventriculo-arterial connection in which both great arteries arise 
entirely or predominantly from the morphologic LV” [117]. 

Historical perspective 

Early reports suggested that DOLV is an embryologic improba¬ 
bility [118] or even an impossibility [119]. In 1967, Sakakibara 


et al. described the first DOLV patient undergoing surgical 
repair [ 120]. In 1970, Paul et al. published a report of an autopsy- 
proven case of DOLV with intact ventricular septum and bilat¬ 
erally deficient conus [121]. Since the publication of these first 
cases over 40 years ago, over 200 cases of DOLV have been 
reported. 

Incidence 

DOLV is such a rare anomaly that all of the previously discussed 
studies reporting the incidence rates of congenital heart disease 
do not include DOLV in their analyses [29-33]. Wilkinson 
suggests that DOLV probably accounts for only 5% of all biven¬ 
tricular hearts with double-outlet connections, corresponding 
to an incidence of 1 in 200,000 births [75]. Among the 58,832 
cases of congenital cardiac malformations diagnosed at Boston 
Childrens Hospital from 1988 to 2002, only 3 patients had 
DOLV [35,88]. 

Etiology 

Similar to DORV, the etiology of DOLV is unknown but likely 
relates to several mechanisms. Paul et al. suggested that DOLV 
results from deficient conal growth beneath both semilunar 
valves (rather than the normal deficient conal growth beneath 
only the aortic valve) [121]. Anderson et al., in their description 
of a case of DOLV in 1974, countered that errors in differential 
conal absorption or regression, rather than differential conal 
growth, provided a better explanation for the development 
of a DOLV [122]. Van Praagh et al., based on a study of 33 
heart specimens with DOLV, speculated that a deficient sub- 
pulmonary conus associated with abnormal rotation of the 
outflow tract results in failure of normal alignment between 
the pulmonary valve and the RV [24]. Manner et al. used a 
chick embryo model to conclude that DOLV resulted not from 
errors in conal growth or absorption but from a malalignment 
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between the conal septum and the posterior wall of the RV 
outflow tract, isolating the proximal part of the RV conus from 
the great arteries [123]. They noted that the primordial conus 
and the primordial truncus arteriosus originate from different 
cardiogenic fields and that disruption in the normal develop¬ 
ment of the conal or proximal cushions may be the cause for 
this anterior malposition of the posterior RV conal wall. 

Morphology and classification 

Several classification schemes of DOLV have been proposed 
utilizing morphologic features that characterize the defect, 
determine the pathophysiology, and provide a rationale for 
surgical intervention [124,125]. Almost 75% of cases have 
two well-developed ventricles [125], and most are amenable 
to biventricular repair. A recent report of nearly 50 years of 
experience with DOLV at the Hospital for Sick Children in 
Toronto reveals that 13/19 patients had RV hypoplasia and 9/19 
underwent single ventricle palliation [126]. Associated anoma¬ 
lies that preclude a biventricular outcome include tricuspid 
atresia and unbalanced common AV canal defect. Similar to 
DORV, the approach to the evaluation of DOLV includes: 

• segmental anatomy; 

• VSD location and size and its relationship to the great arteries; 

• conal morphology; 

• spatial relationship of the great arteries; 

• ventricular hypoplasia; 

• associated lesions (such as AV valve anomalies and outflow 
tract obstruction). 

Segmental anatomy 

In an analysis of 109 DOLV cases by Van Praagh et al. [125], 
patients with two well-developed ventricles presented with sev¬ 
eral distinct segmental patterns: 

• DOLV with {S,D,D} segmental anatomy, visceral and atrial 
situs solitus, ventricular D-loop, a rightward aortic valve, and 
a subaortic VSD was the most common anatomic type with 
a frequency of 49%. In this group (n = 35), outflow tract 
obstruction occurred along the subpulmonary region (similar 
to TOF) in 83% and along the subaortic region in 11%; 6% 
had no outflow tract obstruction. 

• DOLV {S,D,D} was associated with a subpulmonary VSD in 
10.1% and with a doubly committed VSD in 6.4%. 

• DOLV {S,D,L} with visceral and atrial situs solitus, ventricu¬ 
lar D-loop, a leftward aortic valve, a subaortic VSD, and pul¬ 
monary stenosis occurred in 16.5%. 

• DOLV {S,L,L} with visceral and atrial situs solitus, ventricular 
L-loop, and a leftward aortic valve occurred in 3.7%. 

• DOLV {I,L,L} or {I,L,D} with visceral and atrial situs inver¬ 
sus, ventricular L-loop, and either leftward or rightward posi¬ 
tion of the aortic valve occurred in 2.8%. DOLV {I,D,D} with 
visceral and atrial situs inversus, ventricular D-loop, and a 
rightward aortic valve occurred in 1.8%. 



Figure 25.24 DOLV with a subaortic VSD in a subxiphoid long-axis view. 
Ao, aorta; LV, left ventricle; RV, right ventricle. 


VSD location and size 

The following types of VSD morphology have been reported in 
DOLV [124,125]: 

• subaortic (70-75%) (Figure 25.24; Video 25.19); 

• subpulmonary (15-17%); 

• doubly committed (6-9%); 

• noncommitted or remote (2%); 

• intact ventricular septum (1 -4%). 

Interestingly, the study from the Hospital for Sick Children 
in Toronto revealed that up to 32% of their DOLV cases had an 
intact ventricular septum [126]. Similar to DORV, the subaor¬ 
tic, subpulmonary, and doubly committed VSDs are located 
between the limbs of septal band. The defect may be contiguous 
with the tricuspid valve as it extends into the membranous sep¬ 
tum, or it may be separated from the tricuspid valve by muscular 
tissue. Cases with a doubly committed VSD are often difficult to 
distinguish from DORV, prompting some to label this diagnosis 
“double-outlet both ventricles” [127]. 

Conal morphology 

Among 33 DOLV specimens described by Van Praagh et al. in 
another report [24]: 

• 16 (48%) had a subpulmonary conus only (Figure 25.24; 
Video 25.19); 

• 9 (27%) had a subaortic conus only; 

• 4 (12%) had bilateral conus; 

• 4 (12%) had bilaterally deficient conus. 

Great artery relationship 

The spatial relationships of the great arteries are variable 
[85]. In more than half of DOLV cases, the aortic valve is to 
the right and posterior, side-by-side, or anterior to the pul¬ 
monary valve. Approximately 40% have a leftward aortic valve 
(Figure 25.24; Video 25.19), and the aortic valve is directly 
anterior in another 8%. 
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Associated lesions 

Among patients with biventricular hearts and a subaortic VSD, 
subvalvar and/or valvar pulmonary stenosis occurs in 90% 
(Figure 25.24; Video 25.19) [125]. Aortic outflow tract obstruc¬ 
tion occurs frequently in cases with a subpulmonary VSD, 
often accompanied by coarctation or aortic arch interruption. 
A hypoplastic ventricle occurs in 27% in this series, though this 
number is higher in a clinical series that included patients under¬ 
going single ventricle palliation [126]. Most hypoplastic ventri¬ 
cles are associated with a tricuspid valve anomaly (such as atre¬ 
sia, severe hypoplasia, or Ebstein malformation), whereas others 
are associated with mitral atresia, double-inlet LV, and hetero- 
taxy syndrome. 

Pathophysiology 

The primary determinants of the pathophysiology in DOLV 
patients include VSD location and size (including its relationship 
to the semilunar valves), conal morphology, conal septum ori¬ 
entation, outflow tract obstruction, ventricular hypoplasia, AV 
valve anomalies, and segmental anatomy. In the absence of sig¬ 
nificant outflow tract obstruction, a patient with DOLV {S,D,D} 
and a subaortic VSD will present with symptoms of a large VSD. 
Cyanosis may result from significant pulmonary outflow tract 
obstruction or from streaming of blood from the RV to the aorta 
in the setting of a subaortic VSD, as was seen in 47% of the 
patients in the Toronto series [126]. Patients with aortic outflow 
tract obstruction and significant coarctation or arch interrup¬ 
tion may present in critical condition requiring persistent flow 
through the ductus arteriosus. 

Imaging 

The techniques for preoperative, intraoperative, and postopera¬ 
tive imaging are similar to those outlined for DORV in the first 
section of this chapter. In addition, the long-term issues are also 
similar, and these need to be addressed using follow-up echocar¬ 
diograms and/or other adjunct imaging modalities. Because of 
the rarity of this defect, the few reports regarding surgical repair 
have generally included the following options [128,129]: 

• VSD closure and placement of a valved conduit from the RV 
to the pulmonary arteries. 

• VSD closure with translocation of the pulmonary root to the 
RV. 

• Intraventricular baffling of the RV to the pulmonary artery 
with or without VSD enlargement. 

• Single ventricle palliation. 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 25. 1 DORV with pulmonary atresia. Apical view of a DORV 
with membranous pulmonary atresia. 


Video 25.2 DORV with subaortic VSD and pulmonary stenosis. 
Subxiphoid long-axis view showing a DORV with bilateral conus 
and subpulmonary stenosis secondary to leftward anterior devia¬ 
tion of the conal septum. 

Video 25.3 Preoperative TEE of a DORV with a subaortic 
VSD. Preoperative TEE in horizontal (transverse) and vertical 
(longitudinal) planes of a DORV with a subaortic VSD and promi¬ 
nent muscle bundles within the subaortic conus. 

Video 25.4 DORV with leftward juxtaposition of the atrial 
appendages. Apical view of a DORV with leftward juxtaposition of 
the atrial appendages. 

Video 25.5 DORV with a straddling mitral valve. Subxiphoid 
short-axis view of a DORV with a straddling mitral valve. 

Video 25.6 DORV with bilateral straddling AV valves. Modified 
subxiphoid short-axis view of a DORV with straddling of both AV 
valves across the remote VSD. 

Video 25.7 DORV with mitral stenosis and LV hypoplasia. Apical 
view of a DORV with mitral stenosis and LV hypoplasia. 

Video 25.8 DORV with criss-cross AV valves. Subxiphoid long- 
axis and short-axis sweeps of a DORV with criss-cross AV valves 
and superior-inferior ventricles where the tricuspid is oriented in a 
right-left direction towards the superior RV and the mitral valve is 
oriented in a postero-anterior direction towards the inferior LV. 

Video 25.9 DORV with a subaortic VSD. Subxiphoid short-axis 
view showing DORV with a subaortic VSD and pulmonary stenosis. 

Video 25.10 DORV with a subpulmonary VSD. Subxiphoid long- 
axis view of a DORV with a subpulmonary VSD and a rightward 
anterior aorta. 

Video 25.11 DORV with a doubly committed VSD and pulmonary 
stenosis. Subxiphoid short-axis and parasternal short-axis views of 
a DORV with a doubly committed VSD, absent conal septum, and 
pulmonary stenosis. 

Video 25.12 DORV with a remote VSD. Apical and modified subx¬ 
iphoid long-axis views of a DORV with a complete AV canal defect. 

Video 25. 1 3 Great artery relationships in DORV. Subxiphoid long- 
axis sweeps showing two cases: the first case shows bilateral conus 
with side-by-side great artery relationship, and the second case 
shows a DORV in dextrocardia with ventricular inversion {S,L,L} 
where the aorta is almost directly anterior to the smaller pulmonary 
artery. 

Video 25.14 DORV with dual supply to the anterior descending 
coronary artery. Parasternal short-axis view of a DORV with a 
subaortic VSD, pulmonary stenosis, and dual supply to the anterior 
descending coronary artery such that the conal branch supplying 
this coronary artery crosses in front of the RV outflow tract and may 
interfere with surgical repair of the pulmonary stenosis. 

Video 25.15 Postoperative TEE of a DORV with a subaortic VSD 
after biventricular repair. Postoperative TEE in modified vertical 


Chapter 25 Double-Outlet Ventricle 485 


(longitudinal) planes showing persistence of the muscle bundles 
in the subaortic region and some turbulence in flow suggestive of 
residual subaortic stenosis. 

Video 25.16 Residual intramural VSD after biventricular repair of 
a DORV with a subaortic VSD. Subxiphoid short-axis view with 
color depicting two small residual VSDs after biventricular repair 
of a DORV with a subaortic VSD; one of the VSDs is an intramural 
VSD and is located anteriorly at the attachment of the VSD baffle 
patch to the anterior RV free wall below the aortic valve. 

Video 25.17 Residual subaortic stenosis after biventricular repair 
of a DORV with a subaortic VSD. Parasternal long-axis, subxiphoid 
short-axis, and apical views with color mapping as well as a real¬ 
time 3-dimensional apical view of a DORV with a subaortic VSD 
after biventricular repair depicting a narrow subaortic region sec¬ 
ondary to some fibrosis associated with the VSD patch and promi¬ 
nent subaortic conal free wall muscle. 

Video 25.18 Fetal echocardiogram showing a DORV with a sub- 
pulmonary VSD, parallel orientation of the great arteries as they exit 
the RV, and a hypoplastic aortic arch which inserts onto the ductal 
arch suggestive of aortic coarctation. Source: Courtesy of Dr. Jack 
Rychik, Childrens Hospital of Philadelphia. 

Video 25.19 Subxiphoid long-axis view of an unusual DOLV with a 
subpulmonary conus, absent or deficient subaortic conus, a subaor¬ 
tic VSD, pulmonary stenosis, an anterior and slightly leftward aorta, 
and {S,D,L} segmental anatomy. 
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Definition 

Physiologically “corrected” transposition of the great arteries is 
an uncommon congenital heart defect characterized by discor¬ 
dant atrioventricular (AV) and ventriculo-arterial (VA) connec¬ 
tions (double discordance) (Figure 26.1). The systemic veins join 
the right atrium (RA), which is connected by a mitral valve to the 
subpulmonary left ventricle (LV). The left atrium (LA) receives 
pulmonary venous blood from the pulmonary veins and is con¬ 
nected by a tricuspid valve to the subaortic right ventricle (RV). 
The VA connections are also discordant wherein the aorta arises 
from the morphologic RV and the pulmonary artery from the 
morphologic LV. Discordant AV and VA connections can occur 
in isolation; however, associated congenital cardiac anomalies 
are common. 

Incidence 

Physiologically “corrected” transposition of the great arteries 
(TGA) is an uncommon congenital heart defect - too infrequent 
to deserve separate mention in a large study reporting the inci¬ 
dence of congenital heart defects [1]. It comprises less than 0.5% 
of all forms of congenital heart defects. Several sources have 
reported incidences ranging from 2 to 7 per 100,000 live births 
[2]. In a study of more than 800,000 children born between 
1980 and 1990, the prospective Bohemia Survival Study yielded 
a prevalence of 3 per 100,000 live births; this accounted for 0.4% 
of all congenital heart defects in this study [3]. 

Developmental considerations and etiology 

The etiology of physiologically “corrected” TGA is unknown. 
The primitive heart tube with the sinus venosus and the atrium 
at one end and the conotruncus at the other end does not loop to 


the right (D-loop) as in the normal heart with the usual arrange¬ 
ment of the atria (cardiac situs solitus); instead, it loops to the 
left (L-loop). This leftward looping brings the future RV to the 
left and the LV to the right. This abnormal looping is associated 
with discordant connections between the ventricles and great 
arteries. 

Both genetic and environmental factors have been impli¬ 
cated in the etiology of this congenital heart defect [4-6]. The 
recurrence of TGA (concordant AV connection/discordant VA 
connection, D-loop TGA) and physiologically “corrected” TGA 
(discordant AV and VA connections, L-loop TGA) in the same 
family suggests a pathogenetic link between these two anatomi¬ 
cally different malformations [5]. 

Morphology and classification 
Common nomenclature 

Rokitansky first described a cardiac malformation with inappro¬ 
priate connections between the atria and ventricles and between 
the ventricles and great arteries, and noted the physiologic cor¬ 
rection of this congenital heart defect [7]. Physiologically “cor¬ 
rected” TGA describes discordant AV and VA connections (i.e., 
double discordance): the atria connect to the inappropriate ven¬ 
tricles, which then connect to the inappropriate great arteries. 
Usual arrangement of the atria (atrial situs solitus) and L-loop 
transposition of the great arteries are present in the majority 
of patients (Figure 26.1a). Throughout this chapter, LV and RV 
refer to the morphologic left and right ventricles, respectively, 
regardless of their spatial position or topology. 

A mirror-image arrangement of the atria (atrial situs 
inversus) is present in approximately 5% of patients with 
physiologically “corrected” TGA. Importantly, patients with a 
mirror-image arrangement of the atria have a rightward looping 
(D-ventricular loop) and not leftward looping of the primitive 
heart tube (Figure 26.1b). 
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Figure 26.1 Diagram showing physiologically 
“corrected” transposition of the great arteries 
or discordant atrioventricular and 
ventriculo-arterial connections (double 
discordance), (a) Usual arrangement of the 
atria (atrial situs solitus) with L-ventricular 
loop and L-transposition of the great arteries, 
(b) Mirror-image arrangement of the atria 
(atrial situs inversus) with D-ventricular loop 
and D-transposition of the great arteries. Ao, 
aorta; LA, left atrium; LV, left ventricle; MPA, 
main pulmonary artery; RA, right atrium; RV, 
right ventricle. 


There are a number of synonyms for physiologically “cor¬ 
rected” TGA, including double discordance, discordant AV and 
VA connections, congenitally corrected TGA, and L-TGA. It 
should be noted that the phrase L-TGA is a nonspecific term 
as the “L” may relate to the ventricular loop or to the spatial 
position of the great arteries [8]. Although in the majority of 
patients with physiologically “corrected” TGA in atrial situs soli¬ 
tus the aorta is positioned leftward and anterior to the pul¬ 
monary artery (L-malposition), there is wide variability in the 
spatial relationships between the great arteries in this condition. 
A minority of patients with physiologically “corrected” TGA in 
atrial situs solitus have an aorta that is anterior and to the right 
(D-malposition) of the pulmonary trunk [9]. Furthermore, left¬ 
ward (L)-malposition of the aorta relative to the pulmonary 
trunk can be encountered in a variety of other complex con¬ 
genital cardiac anomalies such as TGA with AV concordance 
and VA discordance, double-outlet right ventricle, crossed AV 
connections, univentricular hearts, and others [10,11]. Hence, 
L-TGA and physiologically “corrected” TGA are not the same 
and the term L-TGA is better avoided; L-loop TGA is more spe¬ 
cific, where the L-loop refers to the ventricular looping [12]. 

Discordant AV and VA connections cannot be considered 
anatomically corrected because the RV is the subaortic ventri¬ 
cle supporting the systemic circulation and the LV is the sub- 
pulmonary ventricle giving rise to the pulmonary trunk [13,14]. 
The two discordant connections cancel each other with respect 
to the circulation; thus, physiologically “corrected” TGA is a 
more appropriate term indicating physiologic, but not anatomic, 
correction. However, the frequent association of other intrac¬ 
ardiac defects makes physiologically “corrected” TGA far from 
being truly physiologically corrected. Other terms, such as ven¬ 
tricular inversion, dextroversion or L-TGA, were used in the 


past to describe combined abnormal segmental connections or 
discordant AV and VA connections. These terms are inappropri¬ 
ate and their use as a substitute for physiologically “corrected” 
TGA should be discouraged [9]. 

Discordant AV connections can only exist in the presence of 
discordant connection of the right and left atria to their inappro¬ 
priate ventricles. Therefore, isomerism of the atrial appendages, 
atresia of an AV valve or univentricular atrioventricular connec¬ 
tions (e.g., double-inlet left ventricle) exclude a discordant atrio¬ 
ventricular connection. 

Van Praagh’s classification 

Van Praagh describes three types of segmental sets: the viscera 
and atria, the ventricular loop, and the great arteries (see Chap¬ 
ter 3 for details) [15,16]. The viscero-atrial situs can be solitus 
(S), inversus (I) or ambiguous (A), as shown {S,—} or {I,-,-}. 
The ventricular arrangement is either a D-loop ventricle (D) or 
an L-loop (L) ventricle, as described in {-,D,-} or {-,L,-}. The 
great arterial situs is solitus in normally related great arteries 
{—,—,S} or inversus {-,-,1}. When the spatial position of the 
great arteries is abnormal, the term “malposition” is applied: the 
right-sided aorta is symbolized as (D), the left-sided aorta as (L), 
and an anterior aorta as (A). According to the Van Praagh classi¬ 
fication, physiologically “corrected” TGA is called {S,L,L} TGA 
in the presence of usual arrangement of the atria, or {I,D,D} 
TGA in the presence of a mirror-image arrangement of the atria. 
Other rare segmental combinations such as {S,L,D} and {I,D,L} 
TGA have been described. 

Anatomy 

There may be usual arrangement of the viscera and atria 
(situs solitus) or a mirror-image arrangement (situs inversus); 
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(a) (b) 

Figure 26.2 Usual arrangement of the atria (atrial situs solitus). (a) Apical 4-chamber view in a 9-year-old boy showing discordant atrioventricular (AV) 
connection. Note the characteristic morphology of the left atrial appendage (arrow) identifying the location of the morphologic left atrium, which lies on 
the left of the morphologic right atrium. The inflow of the morphologic right ventricle lies on the left of the morphologic left ventricle, which indicates 
L-ventricular loop. Source: Dr. Luc Mertens, Toronto, ON, Canada. Reproduced with permission of Dr. Mertens. (b) Usual arrangement of the atria (atrial 
situs solitus) with discordant atrioventricular connection in a 22-year-old man. Note eccentric hypertrophy and moderately reduced systolic function of 
the left-sided right ventricle and the presence of a pacemaker lead (arrow) in the right-sided left ventricle. Note the Ebstein-like malformation of the 
left-sided dysplastic tricuspid valve (small arrow) with malcoaptation of the leaflets due to prolapse of the anterior leaflet. LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle. 


the cardiac orientation can be levocardia, dextrocardia, or 
mesocardia. 

Usual arrangement of the atria (atrial situs solitus) 

The majority (~95% of the patients) present with usual arrange¬ 
ment of the atria; that is, the right atrium lies to the right of the 
left atrium (Figure 26.1a). The right-sided superior vena cava 
and inferior vena cava connect to the right-sided right atrium, 
which empties through the mitral valve into the LV, which gives 
rise to a right-sided pulmonary trunk. The LV is L-looped and 
lies to the right of the RV (Figure 26.2a,b; Video 26.1). The mitral 
valve has two papillary muscles and is in fibrous continuity with 
the cusps of the pulmonary valve (Figure 26.3a,b; Video 26.2). 
The pulmonary veins are connected to the left-sided left atrium, 
which empties through the tricuspid valve into the subaortic 
L-looped RV, which lies to the left of the LV (Figure 26.2a,b; 
Video 26.1). In contrast to the normal heart, the left ventricular 
(pulmonary) and right ventricular (aortic) outflow tracts are in 
parallel, and the position of the ascending aorta is left and ante¬ 
rior (L-malposition) in relation to the pulmonary trunk (Figures 
26.3b and 26.4; Videos 26.2 and 26.3). 


Mirror-image arrangement of the atria 
(atrial situs inversus) 

Approximately 5% of patients with physiologically “corrected” 
TGA present with a mirror-image arrangement of the atria 
(Figure 26.1b): the left-sided superior and inferior caval veins 
empty into the right atrium, which lies to the left of the left 
atrium (left-sided RA), and the pulmonary veins empty into 
the right-sided left atrium. As mentioned earlier, there are 
discordant AV and VA connections. However, the subaortic RV 
is not inverted and lies to the right of the subpulmonary LV 
(Figures 26.5 and 26.6; Video 26.4). The aorta is right-sided 
and anteriorly located in relation to the pulmonary trunk (D- 
malposition of the great arteries). The subxiphoid long-axis and 
apical 4-chamber windows are the best views to differentiate 
between D- and L-ventricular loops: the inflow of the RV lies to 
the right of the LV in the presence of D-ventricular loop (Fig¬ 
ures 26.5 and 26.6; Video 26.4), whereas it lies to the left in the 
presence of L-ventricular loop (Figure 26.2a,b; Video 26.1). 

Cardiac orientation 

The axis between the base of the heart and the apex can point 
to the left (levocardia), to the right (dextrocardia) or it can be in 
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Figure 26.3 Imaging the parallel position of the great arteries: the aorta is anterior and the pulmonary artery is posterior, (a) Parasternal long-axis view in 
a 41-year-old man without LV outflow tract obstruction. The arterial outflow tracts are parallel to each other. The AV valve is in fibrous continuity (long 
arrow) with the pulmonary valve, (b) Apical position of the transducer with an anterior sweep to image the parallel position of the great arteries in an 
18-year-old man. Note the leftward position of the aorta in relation to the pulmonary artery with its bifurcation. Ao, aorta; LV, left ventricle; PA, 
pulmonary artery; P V, pulmonary valve; RV, right ventricle. 



Figure 26.4 Parasternal short-axis view in a 25-year-old man showing the 
spatial relation of the aorta to the pulmonary trunk: the aorta (Ao) is 
anterior and leftward relative to the pulmonary trunk (PT) (L-malposition) 
in atrial situs solitus. 



Figure 26.5 Mirror-image arrangement of the atria (situs inversus). Apical 
4-chamber view in an 8-month-old boy with situs inversus and 
dextrocardia. The right atrium is to the left of the left atrium and the right 
ventricle is right-sided. LA, left atrium; LV, left ventricle; RA, right atrium; 
RV, right ventricle. Source: Dr. Luc Mertens, Toronto, ON, Canada. 
Reproduced with permission of Dr. Mertens. 
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Figure 26.6 Subxiphoid view in a 26-year-old man with situs inversus and 
dextrocardia. The short arrow indicates the mitral valve; the long arrow 
denotes the tricuspid valve. LA, left atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle. 

the midline (mesocardia). Approximately 75% of patients with 
physiologically “corrected” TGA present with levocardia. 

Ventricular topology 

Ventricular topology describes the internal organization of the 
ventricles and the spatial relationship of one ventricle to the 
other; it can be right- or left-handed. The abnormal looping 
(L-loop) results in a left-hand pattern [12,16]: the left hand must 
be used to place the palm of the hand against the RV septal sur¬ 
face in such a way that the thumb points to the inlet and the 
fingers point to the outlet of the RV (in contrast to a D-loop or 
a normal heart where the right hand must be used; see Chapter 
3 for details). 

Atrioventricular valves 

The mitral valve has two papillary muscles without insertion to 
the interventricular septum. However, one-fourth of the patients 
may present with abnormalities of the mitral valve [17]. The 
tricuspid valve, which is left-sided in usual arrangement of the 
atria, is frequently dysplastic (see “Associated lesions” later). 

Septal malalignment 

Malalignment between the atrial septum and the inlet part of 
the ventricular septum is a characteristic morphologic feature of 
discordant AV connection in patients with usual arrangement 
of the atria, and affects the position of the conduction system 
[18]. The AV septal malalignment results in a gap into which the 
subpulmonary LV outflow tract is wedged. This space is filled 
with a large membranous septum in patients without a ventric¬ 
ular septal defect (Figure 26.7; Video 26.5). In the presence of 
a ventricular septal defect (VSD), the septal malalignment has 



Figure 26.7 Transesophageal echocardiogram in a 41-year-old-man with 
atrial situs solitus and septal malalignment. The gap between the atrial and 
ventricular septum is filled with a large, redundant membranous septum 
(arrow). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right 
ventricle. 

implications for the size and extent of the VSD, the severity of LV 
(pulmonary) outflow tract obstruction, and the position of the 
conduction system [19,20]. The degree of septal malalignment 
is less pronounced in hearts with a small or atretic pulmonary 
trunk or in patients with mirror-image arrangement of the atria 
than in those with severe left ventricular outflow tract obstruc¬ 
tion or usual arrangement of the atria [20]. 

Coronary arteries 

Coronary artery anatomy and distribution have gained more 
attention because of the potential of a double switch procedure 
in the surgical management of physiologically “corrected” TGA. 
The coronary arteries reflect ventricular topology. In patients 
with usual arrangement of the atria, there is a mirror-image 
distribution of the coronary arteries, which follow the corre¬ 
sponding ventricles [21,22]: the epicardial distribution of the 
right-sided coronary artery is that of a morphologically left 
coronary artery (circumflex and anterior descending coronary 
arteries); the left-sided coronary artery follows the left AV 
groove and supplies the RV [21,23-26]. Although the origin 
and course of the coronary artery show frequent variations 
[21,23,26,27], the origin and proximal branching pattern in 
physiologically “corrected” TGA appear to be more consistent 
than in D-loop TGA (concordant AV and discordant VA 
connection, D-transposition) [26]. 

Coronary sinus 

Knowledge of the anatomy of the coronary sinus and coronary 
venous system is important as cardiac resynchronization ther¬ 
apy with implantation of pacemaker leads into the coronary 
sinus is increasingly considered a therapeutic option. In normal 
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anatomy, the coronary sinus courses posterior-inferior to the left 
atrium and connects to the right atrium [28,29]. In physiolog¬ 
ically “corrected” TGA, the coronary sinus is expected to travel 
between the left atrium and the subaortic right ventricle (which 
it predominantly drains) [30,31 ]. The coronary sinus can usually 
be imaged by echocardiography in the pediatric population. 
However, alternative imaging modalities are required for pre¬ 
procedural planning in this population to image the anatomy of 
the coronary venous system and its variations [29,30]. 

Associated lesions 

Physiologically “corrected” TGA occurs in isolation (rarely) or 
can be complicated by associated congenital heart defects. More 
than 90% of patients have associated defects [32-35] and the fol¬ 
lowing triad of associated malformations is common: (i) VSD; 
(ii) LV (pulmonary) outflow tract obstruction; and (iii) anoma¬ 
lies of the tricuspid valve. Any combination of these anomalies 
can coexist. 

Ventricular septal defect 

Ventricular septal defects are common, can occupy any position, 
and are described in the same way as in the normal heart and 
in D-loop TGA. The incidence ranges between 60% and 80% 
[22,32]. The VSD is frequently nonrestrictive and is the result of 
a malalignment between the atrial and ventricular septa. Mem¬ 
branous VSD is most common and is in fibrous continuity with 
the pulmonary and tricuspid valves. If the defect is located in the 
inlet (AV canal) septum, the offsetting of the attachment of both 
AV valves is lost; the septal and moderator bands allow identifi¬ 
cation of the RV (Figure 26.8). 



Figure 26.8 Apical 4-chamber view in a 27-year-old man with situs solitus 
showing a nonrestrictive ventricular septal defect extending from the outlet 
to the inlet septum (*). Note near-loss of the offsetting of the attachment of 
both AV valves. LA, left atrium; LV, left ventricle; RA, right atrium; RV, 
right ventricle. 


Left ventricular outflow tract obstruction 
Left ventricular outflow tract (subpulmonary) obstruction is 
observed in up to 50% of patients with usual arrangement of 
the atria and occurs at the subvalvar and/or valvar levels (Figure 
26.9; Videos 26.6-26.9). Isolated valvar pulmonary stenosis is 
rare whereas combined subvalvar and valvar obstruction is com¬ 
mon [32,33]. The subvalvar stenosis can be muscular or caused 
by a fibrous shelf, fibrous tissue tags originating from any of the 
valves near the outflow tract, or a fibrous ridge from the mem¬ 
branous septum. LV outflow tract obstruction can also result 
from a large aneurysm of the membranous septum in the pres¬ 
ence of septal malalignment or from systolic anterior motion 
(SAM) of the mitral valve leaflets due to abnormal geometry 
of the LV. LV outflow tract obstruction is commonly associated 
with a VSD, and tricuspid valve abnormalities are frequently 
associated as well. 

Abnormalities of the tricuspid valve 

Abnormalities of the tricuspid valve are very common and occur 
in up to 90% in autopsy series; however, they are less frequently 
identified in the clinical setting [22,32,34-36]. The dysplastic 
tricuspid valve can occur with or without apical displacement 
of both the septal and posterior leaflets as in patients with 
concordant AV connection. Ebstein-like malformation of the 
tricuspid valve in physiologically “corrected” TGA is different 
from the classic Ebstein anomaly in patients with concordant 
connection (Figures 26.10 and 26.11; Videos 26.10-26.13). In 
contrast to a classic Ebstein malformation, in discordant AV 
connections there is usually no rotational displacement of septal 
and posterior leaflets, neither is the inlet portion of the RV 
myocardium dilated and thinned. The anterior tricuspid leaflet 
is usually not large and does not have a “sail-like” appearance, 
the adherence of the septal and posterior leaflets is limited, 
and the atrialized portion of the RV inflow is usually small. 
However, classic Ebstein anomaly of the left-sided tricuspid 
valve and RV inflow can infrequently be seen in physiologically 
“corrected” TGA. Other abnormalities of the left-sided tricuspid 
valve include hypoplasia and double orifice. 

Other rare associated anomalies of the AV valves include 
straddling or overriding, anomalies that can significantly com¬ 
plicate surgical treatment [37]. 

Other associated anomalies 

Aortic arch abnormalities (e.g., aortic atresia, coarctation, inter¬ 
rupted aortic arch) can be observed in hearts with discordant 
segmental alignments [38,39]. Subaortic obstruction should be 
suspected in these cases. 

Pathophysiology 

The discordant AV and VA connections cancel each other 
with respect to the circulation. In visceral-atrial situs solitus, 
deoxygenated blood returning to the RA reaches the pul¬ 
monary circulation through the right-sided LV, whereas the 



Chapter 26 Physiologically "Corrected" Transposition of the Great Arteries 495 



M S<W8 


|B CW Focuszlflimm _ 

PV VT1 = MO m 
Umax - 4.37 m/sec 
a Pk Grad = 76.4 mrmHg 

® hn Grad - 42.2 fnmHg 

I Tin Velocity - 3.00 m/sec 


iV, 


H4£5MHz 18 Qrrm 
Uhh 

PW DTI /V 

gHau MBa 

HRs 61 bpm 

■' Flj rr n'l/ > 



(0 


Figure 26.9 Modified apical 5-chamber view in a 27-year-old man showing subvalvar and valvar pulmonary stenosis. Same patient as in Figure 26.8. 

(a) Two-dimensional image showing fibrous tissue in the left ventricular outflow (long arrow). The small arrow indicates the thickened pulmonary valve 
with doming cusps. RV, right ventricule, PA, pulmonary artery, (b) Color Doppler flow mapping demonstrates flow acceleration (arrow) at the level of the 
subpulmonary left ventricular outflow (subpulmonic membrane), (c) Continuous-wave Doppler reveals a peak/mean systolic gradient of 76/42 mmHg 
across the LV (pulmonary) outflow tract. 


oxygenated pulmonary venous blood returns to the LA and 
then, through the left-sided RV, reaches the systemic circulation 
(Figure 26.1a). In visceral-atrial situs inversus, deoxygenated 
blood returning to the left-sided RA reaches the pulmonary 
circulation through the left-sided LV whereas the oxygenated 
pulmonary venous blood returns to the right-sided LA and then, 
through the right-sided RV, reaches the systemic circulation 
(Figure 26.1b). Thus, in the absence of associated anomalies, 
patients with physiologically “corrected” TGA are acyanotic 
and the congenital heart defect can remain undiagnosed. Both 


complexity and severity of the associated intracardiac defects 
determine the pathophysiology, and the natural and “unnatural” 
history [32,40-47]. The subaortic RV supporting the systemic 
circulation remodels and develops concentric and eccentric 
hypertrophy, respectively. As the myocardium is aging, the 
subaortic RV may fail, with subsequent dilation and develop¬ 
ment of hemodynamically relevant tricuspid regurgitation due 
to malcoaptation of the tricuspid valve leaflets secondary to 
annular dilation and abnormal geometry of the RV (Figures 
26.10 and 26.11; Videos 26.10-26.13) [32,40,42,44-46]. 
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Figure 26.10 Two-dimensional imaging from the apical 4-chamber view in a 22-year-old man before (a) and after (b) banding of the main pulmonary 
artery for severe tricuspid regurgitation. Before banding (a), note the dysplastic tricuspid valve leaflets with Ebstein-like malformation (apical 
displacement of the septal leaflet, arrow). Note that the anterior leaflet is not large as in classic Ebstein patients. Incomplete coaptation (*) of the tricuspid 
valve leaflets is evident due to tricuspid annular dilation, abnormal geometry of the right ventricle, and shortened chordae tendineae secondary to severe 
dilation of the right ventricle. The interatrial septum shifts to the right, which reflects elevated pressure of the markedly enlarged left atrium due to severe 
tricuspid regurgitation. After the third banding (b), note the remodeling of both ventricles and atria. The first pulmonary artery banding was performed at 
the age of 19 and the third at the age of 21. The images were taken 3 years apart. The interventricular septum has shifted to the left, which results in better 
coaptation of the tricuspid valve leaflet (**) and less severe tricuspid regurgitation. The right atrium and left ventricle are larger, and the left atrium and 
right ventricle are significantly smaller. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 



Figure 26.11 Color Doppler flow mapping in the apical 4-chamber view in the same patient as shown in Figure 26.10. (a) Severe tricuspid regurgitation 
before pulmonary artery banding, (b) Significant improvement in tricuspid regurgitation after pulmonary artery banding and ventricular remodeling. LA, 
left atrium; RV, right ventricle. 
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Associated intracardiac defects have different pathophysio¬ 
logic effects on the subaortic RV and pulmonary blood flow. Vol¬ 
ume load of the subaortic RV can be caused either by tricuspid 
regurgitation, or a nonrestrictive VSD, or both. Severe tricus¬ 
pid regurgitation can be caused either by a pathology (dyspla¬ 
sia) of the tricuspid valve, or by malcoaptation of the tricuspid 
valve leaflets secondary to annular dilation and abnormal geom¬ 
etry of the RV as a consequence of a failing RV myocardium. 
Severe volume load of the RV can lead to heart failure symp¬ 
toms during infancy, childhood or adulthood. Severe tricuspid 
regurgitation represents a major risk factor, appears to drive RV 
systolic dysfunction and heart failure and is linked to survival 
[44,46]. Hence, meticulous monitoring of RV systolic function 
and severity of tricuspid regurgitation is critical. 

Left ventricular outflow tract (pulmonary) obstruction 
reduces pulmonary blood flow, alters the pressure load on 
the subpulmonary LV, alters the volume load of the subaortic 
RV, and modifies left and right ventricular interaction [45]. 
Tricuspid regurgitation is usually less severe in the presence 
of LV outflow tract obstruction because the interventricular 
septum shifts to the left (RV) secondary to the increased LV 
systolic pressure. The leftward shift of the interventricular 
septum impacts RV geometry, improves coaptation of the 
tricuspid valve leaflets, and reduces the severity of tricuspid 
regurgitation. Leftward shift of the interventricular septum 
and remodeling of the RV are illustrated by pulmonary artery 
banding performed for “training” the LV in preparation 
for a double switch procedure. A higher LV systolic pres¬ 
sure is associated with less severe tricuspid regurgitation as 
a consequence of RV remodeling (Figures 26.10 and 26.11; 
Videos 26.10-26.13) [45]. Hence, the presence of volume and/or 
pressure loads on both ventricles has an important impact on 
interventricular interaction and on morbidity and mortality 
[44-46]. 

Complete heart block due to abnormal location and course of 
the AV node and the bundle of His may be the first symptom in 
children, adolescents or adults [18,32,48]. Thus, physiologically 
“corrected” TGA must be excluded in all patients who present 
with conduction abnormalities, such as second- or third-degree 
AV block. 


Imaging 

Segmental analysis of cardiovascular anatomy by echocardiog¬ 
raphy (see Chapters 3 and 4) is crucial for comprehensive evalu¬ 
ation of patients with physiologically “corrected” TGA. A sys¬ 
tematic, sequential approach helps in identifying the cardiac 
chambers, their alignments, connections, and the associated 
anomalies. Once the morphologic assessment is completed and 
the diagnosis of physiologically “corrected” TGA is confirmed, 
hemodynamic evaluation and biventricular function assessment 
are performed. 


Key elements 

In all cases, complete anatomic and functional examination by 
2D and 3D imaging, as appropriate, and by color and spectral 
Doppler. In addition, the following elements of cardiovascular 
anatomy and function should be evaluated in detail and be given 
priority. 

■ Determine the arrangement of the abdominal aorta/inferior 
vena cava and atria (visceral-atrial situs): usual (situs solitus), 
or mirror-image arrangement (situs inversus). 

■ Cardiac orientation (base-to-apex axis) and position within 
the thorax: levocardia, mesocardia, dextrocardia. 

■ Determine the morphology and situs of the ventricles. 

■ Determine the morphology and spatial position of the great 
arteries. 

■ Determine the AV and VA alignments and connections. 

■ Determine the origin and proximal course of the coronary 
arteries (relevant for a double switch operation). 

■ Assess associated malformations: 

• tricuspid valve (dysplasia, Ebstein-like malformation). 

• straddling of the AV valves in the presence of a VSD. 

• ventricular septal defect(s): location, size, flow direction and 
velocity. 

• presence, mechanism, and degree of LV (pulmonary) out¬ 
flow tract obstruction; determine which of the following 
mechanism(s) is present: (i) deviated outlet (conal) sep¬ 
tum; (ii) accessory AV valve tissue; (iii) fibrous membrane; 
(iv) aneurysm of membranous septum; (v) hypoplastic pul¬ 
monary valve annulus; (vi) bicommissural pulmonary valve; 
(vii) narrowing of the pulmonary sinotubular junction; 
(viii) complex obstruction due to a combination of the 
above. 

• aneurysm of the membranous septum (LV outflow obstruc¬ 
tion?). 

• atrial septal defect. 

• patent ductus arteriosus. 

• persistent left superior vena cava. 

• aortic arch obstruction. 

■ Biventricular size and function: evidence of pressure and/or 
volume load. 

■ Severity of mitral and tricuspid valve regurgitation. 

■ Gradient across the LV outflow tract. 

■ Estimation of LV systolic pressure based on mitral regurgita¬ 
tion jet velocity. 

Transthoracic imaging 

Subxiphoid views 

The subxiphoid acoustic window provides the first view whereby 
the arrangement of the atria is defined. Usually, abdominal and 
atrial sidedness (situs) is concordant, which helps in determin¬ 
ing the arrangement of the atria (atrial situs). The latter can be 
easily achieved by a cross-sectional view of the great vessels in 
the abdomen (see Chapters 3 and 4). In approximately 5% of 
patients with physiologically “corrected” TGA there is a mirror- 
image arrangement of the atria. 
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Figure 26.12 Subxiphoid view of the same 26-year-old man as shown in 
Figure 26.6. Agitated saline (arrows) appears in the left-sided chambers 
(right atrium [RA] and left ventricle [LV]) indicating situs inversus. The 
RV is to the right of the LV. Note that the base-apex axis points to the right 
(dextrocardia). LA, left atrium; RV, right ventricle. 


Moving from the cross-sectional view of the great vessels 
below the diaphragm to the subxiphoid view of the heart, 
the examiner describes the connection of the inferior vena 
cava/hepatic veins and superior vena cava to the atrium. If the 
inferior vena cava is present, it usually connects to the morpho¬ 
logic RA. However, visualization of the connection between the 
inferior vena cava and the RA can be difficult or impossible in 
adults (Figure 26.6). Injection of agitated saline into an upper 
extremity vein can help in identifying the systemic venous con¬ 
nection to the right atrium (Figure 26.12). 

Significant malalignment between the atrial and ventricular 
septum is common in patients with physiologically “corrected” 
TGA and can be the first hint of the presence of a discordant 
AV connection, as seen in the subxiphoid view or by trans¬ 
esophageal echocardiography (TEE) (Figure 26.7; Video 26.5). 
The morphology of the ventricles is described to identify the 
right and left ventricles by their intrinsic characteristic mor¬ 
phologic features (Figures 26.5, 26.8, and 26.10; Videos 26.4, 
26.5, and 26.10-26.13). An anterior orientation of the transducer 
allows good visualization of the right and left ventricular outflow 
tracts. When present, the location(s) and mechanism(s) of LV 
outflow tract obstruction are delineated by 2D and 3D imaging 
and by color Doppler (Figure 26.13). The blood flow across the 
LV (pulmonary) outflow tract is usually well aligned (parallel) 
to the ultrasound beam, and the level of obstruction and gra¬ 
dients can be easily assessed by pulsed- (PW) and continuous- 
wave (CW) Doppler interrogation. LV-to-pulmonary artery 
conduits, which are implanted in some patients with complex LV 


(pulmonary) outflow tract obstruction, can be easily interro¬ 
gated from the subxiphoid view with an anterior sweep of the 
transducer. The subaortic RV outflow tract can also be evaluated 
from this view (Figure 26.14). 

The subxiphoid view is also used to image the pulmonary 
veins, atrial septum and morphology of the AV valves, and to 
assess the ventricular septum for the presence of a VSD. 

Apical views 

Apical views are obtained from the left lateral position (left 
chest) in patients with levocardia. However, acquisition of api¬ 
cal views may be challenging in the presence of dextrocardia, 
when the apical views are obtained in the right lateral position 
(right chest). Note that the transducer must be positioned on the 
chest according to standard guidelines to avoid any confusion or 
misinterpretation of the anatomy and sidedness (Figure 26.15). 
Specifically, the transducer is always positioned in such a fash¬ 
ion that it displays the patients left side on the right side of the 
screen and the patients right side on the left side of the screen 
(see Chapter 4). 

The apical 4-chamber view is ideally suited to describe the 
morphology of the AV valves and to identify the morpho¬ 
logic right and left ventricles (Figures 26.2, 26.5, 26.8, and 
26.10; Videos 26.1, 26.6, and 26.10-26.13). It is also a good 
view to describe ventricular looping (see Chapters 3 and 4). In 
L-ventricular loop the RV is positioned to the left of the LV. 

An anterior position of the transducer in a modified apical 
4- or 5-chamber view (the use of an “in-between” transducer 
angle) is encouraged to visualize the great arteries, which are 
usually arranged in parallel, and to identify the relation of the 
ascending aorta to the pulmonary artery (Figure 26.3b). This is 
an appropriate view to describe L- (leftward) or D- (rightward) 
malposition of the ascending aorta in relation to the pulmonary 
artery. 

Hemodynamic assessment of both AV valves is performed 
from the apical view. The severity of mitral and tricuspid 
valve regurgitation is evaluated by color Doppler (Figure 26.11; 
Videos 26.11 and 26.13) and LV (pulmonary) systolic pressure 
can be estimated by measurement of the mitral valve regurgi¬ 
tation jet velocity. The apical views are also important to iden¬ 
tify and to describe the morphology of obstructions across the 
left and/or right ventricular outflow tracts, and to confirm or 
to exclude VSDs. Alignment of the ultrasound beam parallel 
to the direction of blood flow across the LV (subpulmonary) 
outflow tract is possible in some patients by modified apical 
views (Figure 26.9; Videos 26.6-26.9), but it can be challeng¬ 
ing in the standard apical view. Accurate assessment of the gra¬ 
dients can be difficult in some patients with restricted acoustic 
windows. 

Parasternal views 

A parallel position of the great arteries is readily apparent in the 
parasternal long- and short-axis views (Figures 26.3a and 26.4). 
The parasternal long-axis view proves very useful for identifying 
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(a) (b) 


Figure 26.13 Imaging the left ventricular outflow tract from a subxiphoid view with an anterior sweep of the transducer in a 9-month-old boy with situs 
solitus and levocardia. (a) Two-dimensional imaging shows subpulmonary stenosis due to systolic anterior motion (SAM) of the mitral valve leaflets and 
ectopic fibrous tissue (arrow). LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle, (b) Color Doppler flow mapping shows the 
origin of the turbulent flow at the subvalvar area (arrow). LV, left ventricle; RA, right atrium; RV, right ventricle. Source: Dr. Luc Mertens, Toronto, ON, 
Canada. Reproduced with permission of Dr. Mertens. 



Figure 26.14 Imaging the right ventricular (aortic) outflow tract from a 
modified subxiphoid view in an 8-month-old boy with situs inversus and 
dextrocardia. Ventricular crest (arrow) between the AV valve and 
semilunar valve (aortic valve) helps in identifying the morphologic right 
ventricle (no fibrous continuity between the AV valve and semilunar valve). 
Ao, aorta; LA, left atrium; RV, right ventricle. Source: Dr. Luc Mertens, 
Toronto, ON, Canada. Reproduced with permission of Dr. Mertens. 



Figure 26.15 Apical 4-chamber view in a 22-year-old patient with situs 
inversus and dextrocardia. As a result of inappropriate (left-right reversal) 
transducer orientation the heart is displayed in a way that suggests atrial 
situs solitus and L-ventricular loop, whereas in fact the patient has atrial 
situs inversus and D-ventricular loop. This mistake resulted from an 
attempt to orient the transducer in a way that “corrects” the anatomy as 
opposed to keeping the left-right orientation according to standard 
guidelines (the patient’s left is displayed on the right side of the screen). LA, 
left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 
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Figure 26.16 Parasternal short axis view of a 9-month-old boy with situs 
solitus, levocardia and L-ventricular loop. Two papillary muscles (arrows) 
help in identifying the anteriorly positioned left ventricle (LV). Note the 
eccentric hypertrophy of the anteriorly positioned right ventricle (RV) and 
flattening of the interventricular septum (d-shape). Source: Dr. Luc 
Mertens, Toronto, ON, Canada. Reproduced with permission of 
Dr. Mertens. 



Figure 26.17 Imaging the ventricular crest (arrow) using a modified 
parasternal long-axis view in a 22-year-old man with situs inversus and 
dextrocardia. Ao, aorta; LA, left atrium; RV, right ventricle. 


an obstruction across the LV (subpulmonary) outflow tract and 
for describing the mechanism(s) of obstruction. 

The parasternal short-axis view describes the relation of the 
ascending aorta to the pulmonary trunk. The ascending aorta is 
usually found leftward and anterior in relation to the pulmonary 
trunk (Figure 26.4; Video 26.3). Although this relationship of the 
great arteries is typical, it is not uniform and cannot be used to 
describe ventricular looping. 

The parasternal short-axis view also describes the orientation 
of the interventricular septum, the size and systolic function of 
both ventricles, and the morphology of the mitral and tricuspid 
valves and their corresponding papillary muscles (Figure 26.16). 
The VSD, when present, is usually located in the membranous 
septum and can be seen in the parasternal views. Muscular 
VSD(s) can be easily identified by color Doppler in paraster¬ 
nal short-axis views. When the pressure difference between the 
ventricles is low or absent (e.g., multiple VSDs, severe LV out¬ 
flow obstruction), the Nyquist limit of the color Doppler veloc¬ 
ity scale should be lowered to visualize low-velocity flow across 
the ventricular septum. 

Suprasternal views 

These views are best suited to describe the presence or absence 
of a patent ductus arteriosus, aortic arch sidedness and morphol¬ 
ogy, and to image the branching pattern of the aortic arch. They 
are also best suited to exclude the occasional association of aortic 
coarctation. 

“In-between” views 

Tailored “in-between” views or atypical views must frequently 
be obtained to complete a morphologic and hemodynamic 


assessment. In some patients the LV outflow tract obstruction 
cannot be fully assessed by standard views, and a nonstandard 
transducer position and/or orientation should be employed. 
Atypical parasternal, apical or subxiphoid views help in visual¬ 
izing the anatomy of the left and right ventricular outflow tracts 
and in aligning the ultrasound beam parallel to the direction of 
blood flow. VSDs and straddling AV valves are frequently seen 
in atypical parasternal and apical views. Modified parasternal 
views can also help to identify the ventricular septal crest of the 
RV (Figure 26.17); this can be useful in the presence of an inlet 
(AV canal-type) VSD when the offset of the attachment of the 
AV valves is absent. 

Transesophageal echocardiography (TEE) 

Seldom does TEE add to the description of the underlying 
anatomy and pathophysiology in the pediatric population as 
transthoracic echocardiography usually provides the necessary 
diagnostic information. However, in older patients with sub- 
optimal transthoracic windows, TEE is valuable to visualize 
endocarditis-related intracardiac vegetations; to exclude throm¬ 
bus formation in the atrial appendages in patients with sus¬ 
tained supraventricular arrhythmias; to describe atrial septal 
defects; and to determine the morphology of the AV valves, 
the inlet ventricular septum, LV outflow tract obstruction, the 
membranous septum and associated aneurysm with or without 
LV outflow tract obstruction (Figure 26.18; Videos 26.14-26.17) 
[49]. The diagnosis by TEE of physiologically “corrected” TGA 
is aided by visualizing AV septal malalignment (Figure 26.7; 
Video 26.5) and parallel position of the great arteries. Injection 
of agitated saline (bubble study) into a peripheral systemic vein 
is helpful in identifying the right atrium, the subpulmonary LV, 
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Figure 26.18 Transesophageal echocardiogram in a 41-year-old man with 
situs solitus shows an aneurysm of the membranous septum protruding 
into the left ventricular outflow tract (arrow). Ao, aortic valve; LA, left 
atrium; LV, left ventricle; PA, pulmonary artery; RV, right ventricle. 

and the pulmonary arteries (Figure 26.19). In addition, TEE is 
performed routinely during intraoperative repair to monitor 
ventricular function, to determine severity of mitral and tricus¬ 
pid regurgitation, to assess prosthetic tricuspid valves, and to 
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Figure 26.19 Transesophageal echocardiogram in a 69-year-old man with 
situs solitus and levocardia (due to poor quality of the transthoracic 
echocardiogram). Agitated saline injected into a right arm vein is seen in 
the right-sided right atrium (RA), the right-sided left ventricle (LV), and in 
the posteriorly positioned pulmonary artery (PA). There is a shadow 
caused by the mechanical valve in the tricuspid position (arrow). Ao, aorta. 


detect residual atrial or ventricular septal defects. Assessment of 
conduits by TEE is usually difficult. 

Imaging of the fetus 

Fetal diagnosis of physiologically “corrected” TGA is possible 
and depends on correct identification of the cardiac chambers 
and AV and VA connections (Figure 26.20a-c; Video 26.18). 
Diagnostic accuracy can be very high in specialized centers 
but the diagnosis may be more challenging in less experienced 
hands, especially during routine fetal screening. Associated 
lesions such as Ebstein-like malformation of the tricuspid valve, 
VSD, septal malalignment, or an absent AV connection often 
give a clue for the diagnosis. There are a number of echocar- 
diographic features that help in establishing the diagnosis of 
physiologically “corrected” TGA in the fetus [50,51]. First, there 
is the reversed differential septal insertion of the tricuspid and 
mitral valve, with the tricuspid valve identified as being on 
the left side of the heart. Correct use of this anatomic feature 
depends on accurately identifying the left and right sides of 
the fetus and requires careful identification of fetal position. 
The reversed offset may be more difficult to identify in cases 
with an inlet (AV canal-type) VSD. A second, generally more 
reliable, sign is the presence of the septal-moderator band in the 
left-sided right ventricle. Identification of the septal-moderator 
band is one of the most consistent echocardiographic signs for 
identifying the RV during fetal life and its abnormal position 
helps in diagnosing physiologically “corrected” TGA. A third 
echocardiographic sign is the parallel orientation of the great 
arteries. In this context, the 3-vessel view is helpful to identify 
the abnormal spatial relationship of the great arteries. Also, a 
posterior-to-anterior sweep in a 4-chamber view can identify 
the first artery coming from the LV to be the pulmonary artery 
and the more anterior artery coming from the RV as being 
the aorta. Most fetuses with physiologically “corrected” TGA 
have associated lesions, the most common being tricuspid valve 
anomalies (Ebstein-like malformation), VSD, and pulmonary 
outflow tract stenosis or atresia. Severe tricuspid regurgitation, 
which can be present during fetal life, adversely affects fetal 
survival. Conduction abnormalities might already be present 
in fetal life, and cases with complete AV block have been 
reported [52,53]. In general, the short-term prognosis of the 
fetus with physiologically “corrected” TGA is good and is largely 
dependent on severity of associated lesions. 

Imaging the adult 

Technical challenges due to restricted echocardiographic win¬ 
dows resulting in poor image quality are major limitations in 
the evaluation of adults, especially in those who have undergone 
previous surgery. Hence, alternative imaging modalities such as 
cardiac magnetic resonance (CMR) imaging and multidetector 
computed tomography (MDCT) are widely used for structural 
and functional assessment of the heart and the right ventricle in 
particular [54-59]. 
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Figure 26.20 Fetal echocardiogram at 20 weeks’ gestation showing levocardia, situs solitus and physiologically “corrected” transposition of the great 
arteries (TGA) with intact ventricular septum, (a) Transverse view of the fetal thorax demonstrating a 4-chamber view with atrioventricular (AV) 
discordance, (b) Transverse view of the superior aspect of the fetal thorax showing the leftward and anterior ascending aorta (Ao) and the posterior and 
rightward main pulmonary artery (MPA). The branch pulmonary arteries are seen at this level, (c) Parasagittal view of the fetus showing the parallel course 
of the great arteries with an anterior aorta (Ao) and a posterior MPA. DAo, descending aorta; LA, left atrium; LPA, left pulmonary artery; LV, left ventricle; 
RA, right atrium; RPA, right pulmonary artery; RV, right ventricle; A, anterior; P, posterior; Lt, left; Rt, right; I, inferior; S, superior. Source: Dr. Tal Geva 
from Childrens Hospital Boston, MA, USA. Reproduced with permission of Dr. Geva. 


The segmental approach to describe cardiovascular anatomy 
also applies to adults, as described earlier. TEE is an alternative to 
transthoracic echocardiography for delineating the intracardiac 
anatomy and the outflow tracts if the quality of the transthoracic 
images is inadequate [49,60]. Injection of agitated saline helps to 
identify the direction of blood flow and the chambers, as previ¬ 
ously described. 

Adults with physiologically “corrected” TGA and prior LV 
outflow tract obstruction can present with a conduit from the 
LV to the pulmonary artery (Video 26.14). Heart block may be 


the first symptom of physiologically “corrected” TGA in adults 
as acquired complete AV block continues to develop at a rate of 
2% per year [61]. Thus, physiologically “corrected” TGA in such 
a patient should be excluded by echocardiography. 

CMR imaging provides an excellent noninvasive alternative 
to TEE in adults with inadequate echocardiographic windows. 
CMR is ideally suited to describe the anatomy, to assess ven¬ 
tricular size and systolic function, and to measure valve regur¬ 
gitation and shunts [54,55,59,62,63]. Computed tomography or 
radionuclide scintigraphy are alternatives in the presence of a 
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pacemaker or claustrophobia [59,64,65], although the role of 
radionuclide angiography to assess the subaortic RV is histor¬ 
ical and minor. Radionuclide techniques have become of spe¬ 
cial interest for functional assessment of the heart, especially for 
assessing myocardial perfusion and metabolism [55]. Coronary 
angiography in patients at risk of coronary artery disease should 
be performed before any operative intervention if the patient is 
older than 40 years [56-58]. In addition, the coronary anatomy 
must be determined by any imaging modality in a patient who 
is considered for a double switch procedure. 

Each imaging modality has its strengths and weaknesses/ 
limitations to describe the anatomy/morphology, to provide the 
functional assessment of the heart, and to answer specific clinical 
questions. While echocardiography and CMR remain the com¬ 
monly used imaging modalities in our clinical practice, radionu¬ 
clide techniques play an inferior role in the current era and are 
used to answer very specific functional questions. The different 
imaging modalities are rather complementary than competitive. 

Perioperative assessment 

Surgical management of physiologically “corrected” TGA can be 
divided into two broad categories: 

1 A physiologic-palliative approach, including repair of asso¬ 
ciated lesions such as VSD closure, LV-to-pulmonary artery 
conduit, tricuspid valve plasty/repair or replacement, pul¬ 
monary artery banding, and pacemaker. 

2 Anatomic repair, including an atrial switch (Mustard or Sen- 
ning) with either ventricular redirection (LV-to-aortic valve 
baffle and RV-to-PA conduit, also known as Rastelli pro¬ 
cedure) or an arterial switch (also known as double switch 
operation). 

The first approach leaves the RV as the subaortic ventricle 
whereas the second approach establishes the LV as the subaortic 
ventricle. 

Miniaturization of multiplane TEE probes allows routine 
intraoperative assessment by echocardiography not only in 
adults and adolescents but also in most infants weighing more 
than 3 kg [66]. The pre-cardiopulmonary bypass echocardio¬ 
gram aims to confirm preoperative diagnoses and to refine 
surgical planning. Three-dimensional TEE can be particu¬ 
larly helpful in planning tricuspid valve repair in patients 
with Ebstein-like anomaly. Goals of the post-cardiopulmonary 
bypass echocardiogram depend on the type of surgery per¬ 
formed. In all cases, assessment of ventricular size, global and 
regional systolic function, AV and semilunar valve function 
(stenosis and/or regurgitation), outflow tract obstruction, and 
exclusion of residual atrial or ventricular septal defects is per¬ 
formed. Special attention is given to evaluation of the systemic 
and pulmonary venous pathways for patency and leaks after 
an atrial switch procedure. Injection of agitated saline helps in 
identifying small shunts between the systemic and pulmonary 
venous pathways. The function of the semilunar valves and flow 


into the coronary arteries are evaluated after the arterial switch 
operation. Evaluation of conduits and prosthetic valves for a par- 
avalvar leak or obstruction is performed when relevant. 

Pulmonary artery banding 

Patients undergoing banding of the pulmonary artery in prepa¬ 
ration for a double switch procedure are followed serially by 
echocardiography. Severe tricuspid regurgitation is present in 
the majority of patients before banding, and is caused by mal- 
coaptation of the tricuspid valve leaflets secondary to tricus¬ 
pid annular dilation and abnormal RV geometry, in addition 
to dysplasia or Ebstein-like malformation of the tricuspid valve 
(Figures 26.10 and 26.11; Videos 26.10-26.13). Banding of the 
pulmonary artery leads to an increase in LV systolic pressure 
and to a shift of the interventricular septum toward the left¬ 
sided RV. The change in RV geometry improves the coaptation 
of the tricuspid valve leaflets and decreases the severity of tricus¬ 
pid regurgitation (Figures 26.10 and 26.11; Videos 26.10-26.13) 
[45]. However, LV myocardial dysfunction and failure can occur 
if the pulmonary artery banding is too tight and the procedure is 
not carefully monitored by pressure-volume loop analysis and by 
intraoperative echocardiographic assessment of the LV. Echocar- 
diographic assessment during and after pulmonary artery band¬ 
ing includes: 

• evaluation of right and left ventricular systolic function; 

• evaluation of tricuspid and mitral regurgitation; 

• assessment of the gradient across the pulmonary artery band 
and LV systolic pressure by Doppler echocardiography. 

Follow-up 

Continued echocardiographic surveillance and periodic 
evaluations are integral to the long-term management of all 
patients with physiologically “corrected” TGA regardless of age 
[56-58,67]. These patients are at risk for late complications 
such as progressive tricuspid regurgitation, dysfunction and 
failure of the subaortic RV, LV outflow tract obstruction, AV 
block, endocarditis, prosthetic tricuspid valve dysfunction 
(Videos 26.19-26.22), conduit stenosis and/or regurgita¬ 
tion, and other abnormalities related to surgical procedures 
[32,40-44,46,47]. Careful assessment of RV systolic function 
and monitoring of the severity of tricuspid valve regurgitation 
and of the LV systolic pressure as a surrogate of the pulmonary 
artery pressure are essential during follow-up as they drive 
morbidity and mortality after tricuspid valve replacement 
[44,46]. A detailed, lifelong echocardiographic assessment aims 
to detect these and other complications [56-58]. 
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Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 26.1 Usual arrangement of the atria (cardiac situs solitus) 
with discordant atrioventricular (AV) connection in a 9-year-old 
boy. Note the characteristic morphology of the left atrial appendage 
identifying the location of the morphologic left atrium, which lies 
on the left of the morphologic right atrium. The inflow of the mor¬ 
phologic right ventricle (RV) lies to the left of the morphologic 
left ventricle (LV), which indicates L-ventricular loop. Source: Dr. 
Luc Mertens, Toronto, ON, Canada. Reproduced with permission of 
Dr. Mertens. 

Video 26.2 Anterior sweep from an apical view imaging the par¬ 
allel position of the great arteries in an 18-year-old man. The aorta 
is to the left of the pulmonary artery (the bifurcation identifies the 
pulmonary artery). 

Video 26.3 Parasternal short-axis view of a 25-year-old man show¬ 
ing the spatial relationship of the aorta to the pulmonary trunk in 
physiologically “corrected” TGA. The aorta is anterior and slightly 
leftward to the pulmonary trunk in atrial situs solitus. 

Video 26.4 Imaging situs inversus (mirror-image arrangement of 
the atria) with dextrocardia in an 8-month-old boy. Source: Dr. Luc 
Mertens, Toronto, ON, Canada. Reproduced with permission of Dr. 
Mertens. 

Video 26.5 Transesophageal echocardiogram in a 41-year-old-man 
with atrial situs solitus and septal malalignment. The gap between 
the atrial and ventricular septum is filled with a large, redundant 
membranous septum protruding into the left ventricular outflow 
tract. 

Video 26.6 Moderate to severe subvalvar pulmonary (left ventricu¬ 
lar outflow tract) obstruction in a 9-month-old boy with situs solitus 
and levocardia. A modified 4-chamber view showing left ventricu¬ 
lar outflow tract obstruction due to systolic anterior motion (SAM) 
of the mitral valve leaflet and ectopic fibrous tissue. Source: Dr. Luc 
Mertens, Toronto, ON, Canada. Reproduced with permission of Dr. 
Mertens. 

Video 26.7 Moderate to severe subvalvar pulmonary (left ventricu¬ 
lar outflow tract) obstruction in a 9-month-old boy with situs solitus 
and levocardia. Flow acceleration originates in the subvalvar area of 
the left ventricular outflow tract as shown by color Doppler. Same 
patient as in Video 26.6. Source: Dr. Luc Mertens, Toronto, ON, 
Canada. Reproduced with permission of Dr. Mertens. 

Video 26.8 Moderate to severe subvalvar and valvar pulmonary 
(left ventricular outflow tract) obstruction in a 27-year-old man 
with situs solitus and levocardia. A modified 5-chamber view show¬ 
ing left ventricular outflow tract obstruction due to a subvalvar 
fibromuscular shelf and a thickened pulmonary valve with doming 
of the cusps. 


Video 26.9 Moderate to severe subvalvar pulmonary (left ventricu¬ 
lar outflow tract) obstruction in a 27-year-old man with situs solitus 
and levocardia. Flow acceleration originates in the subvalvar area of 
the left ventricular outflow tract as shown by color Doppler. 

Video 26.10 Imaging Ebstein-like malformation of the tricuspid 
valve in a 22-year-old man with severe tricuspid regurgitation due to 
malcoaptation of the dysplastic leaflets. Images were obtained before 
(Videos 26.10 and 26.11) and after banding of the main pulmonary 
artery (Videos 26.12 and 26.13). Apical 4-chamber view before pul¬ 
monary artery banding showing apical displacement of the septal 
tricuspid valve leaflet, tricuspid annular dilatation and shortened 
chordae tendineae secondary to severe dilatation of the right ven¬ 
tricle, with lack of coaptation of the leaflets and severely dilated left 
atrium (LA) and right ventricle (RV). 

Video 26.11 Ebstein-like malformation of the tricuspid valve with 
severe tricuspid regurgitation. Same patient as in Video 26.10 with 
color Doppler showing severe tricuspid regurgitation. 

Video 26.12 Ebstein-like malformation of the tricuspid valve after 
pulmonary artery banding. Same patient as in Video 26.10 three 
years after pulmonary artery banding showing decreased LA and 
RV size, increased left ventricular (LV) size, and improved tricuspid 
leaflet coaptation. 

Video 26.13 Ebstein-like malformation of the tricuspid valve after 
pulmonary banding. Same patient as in Video 26.12 with color 
Doppler showing markedly improved tricuspid regurgitation. 

Video 26.14 Transesophageal imaging of a 25-mm Hancock valve 
conduit between the left ventricle (LV) and pulmonary artery show¬ 
ing LV outflow tract at the site of the proximal anastomosis of the 
conduit. 

Video 26.15 Imaging an aneurysm of the membranous septum by 
transesophageal echocardiography in a 41-year-old man. A longitu¬ 
dinal view shows the aneurysm protruding into the LV outflow tract 
and located just below the pulmonary valve. Note the parallel posi¬ 
tion of the great arteries with the aorta anteriorly and the pulmonary 
artery posteriorly. 

Video 26.16 Aneurysm of the membranous septum by TEE in the 
same patient as in Video 26.15. Color Doppler flow mapping shows 
no turbulence and mild pulmonary regurgitation. 

Video 26. 17 Aneurysm of the membranous septum by TEE. Injec¬ 
tion of agitated saline appearing in the LV and pulmonary artery; 
there are no bubbles in the aneurysm of the membranous septum 
and there is no negative contrast, indicating absence of a ventricu¬ 
lar septal defect. Same patient as in Video 26.15 and Video 26.16. 

Video 26.18 Fetal echocardiogram at 20 weeks gestation showing 
situs solitus, levocardia and physiologically “corrected” TGA with 
intact septum. A sweep through the fetal thorax in the transverse 
plane showing situs solitus, discordant atrioventricular (AV) and 
ventriculo-arterial (VA) connections with a leftward and anterior 
aorta relative to the main pulmonary artery. Source: Dr. Tal Geva 
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from Childrens Hospital Boston, MA, USA. Reproduced with per¬ 
mission of Dr. Geva. 

Video 26.19 Imaging the mechanical tricuspid valve in a 24-year- 
old woman at 12 weeks of pregnancy. Apical 4-chamber view shows 
eccentric hypertrophy of the left-sided subaortic right ventricle 
(RV) (L-ventricular loop) with reduced systolic function; only one 
disk of the CarboMedics mechanical tricuspid valve appears to 
move in the setting of an increased diastolic gradient across the 
valve. There is a pacemaker lead in the right-sided subpulmonic LV. 

Video 26.20 Mechanical tricuspid valve in a 24-year-old woman 
at 12 weeks of pregnancy. Color Doppler demonstrates turbulent 
flow across the tricuspid valve with a mean diastolic gradient of 
14 mmHg at a heart rate of 90 bpm. 

Video 26.21 Mechanical tricuspid valve in a 24-year-old woman 
at 12 weeks of pregnancy. A transesophageal echocardiogram 4- 
chamber view reveals a left-sided dilated left atrium (LA) and RV. 
The medial disk of the CarboMedics valve is immobile due to pan- 
nus. There is no thrombus and the lateral leaflet opens normally. 

Video 26.22 Mechanical tricuspid valve in a 24-year-old woman 
at 12 weeks of pregnancy. Color Doppler demonstrates absence of 
blood flow across the medial aspect of the CarboMedics valve. There 
is turbulent flow across the lateral aspect of the valve. 
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Introduction 

Hearts with functionally one ventricle comprise only a few per¬ 
cent of congenital heart defects [1], but patients with these 
hearts utilize a disproportionate amount of healthcare resources 
because of the complexity of management and the need for 
repeated interventions and lifelong care [2]. Optimal manage¬ 
ment depends on early recognition and careful observation and 
planning. Treatment principles include meticulous protection of 
the pulmonary vasculature, ongoing surveillance for and rapid 
treatment of systemic outflow obstruction, and maintenance of 
systemic ventricular function by avoiding volume and pressure 
overload as much as possible. Despite attentive and intelligent 
management strategies, the long-term outlook for these patients 
is guarded [3]. Palliation of patients with functionally one ven¬ 
tricle is likely to be effective for only two to four decades [4]. 
Most, perhaps all, such patients will eventually require an alter¬ 
native management strategy such as transplantation or mechan¬ 
ical support. 

Many hearts in this category have only one ventricular sinus or 
body, anatomically as well as functionally [5,6]. The other cham¬ 
ber usually present in the ventricular mass is an infundibulum or 
outlet chamber. These include double-inlet left ventricle (DILV), 
most double-inlet right ventricle (DIRV), most tricuspid atre¬ 
sia (TA), and many mitral atresia hearts. Others of this category, 
perhaps most, have two ventricular sinuses but one or both are 
unsuitable to function independently [7]. Most of these are dis¬ 
cussed in other chapters and will only be listed here. Although 
not all cases of these defects have functionally one ventricle, 
many do and must be identified as soon as possible to maximize 
outcomes. Included are variants of hypoplastic left heart syn¬ 
drome (Chapter 20), hypoplastic right heart syndrome (mostly 
pulmonary atresia with intact ventricular septum) (Chapter 17), 
straddling mitral valve (Chapter 14), straddling tricuspid valve 
(Chapter 13), unbalanced common atrioventricular (AV) canal 
(Chapter 15), congenitally physiologically corrected transposi¬ 
tion of the great arteries (TGA) (Chapter 26), Ebstein anomaly 


(Chapter 14), heterotaxy syndromes (Chapter 28), and superior- 
inferior ventricles (SIV) and criss-cross heart. 

Etiology 

The genetic and/or environmental causes of these defects are 
poorly understood. Most cases appear to be sporadic although 
familial occurrences have been reported [8-10]. There are a few 
case reports of syndromic association of TA or other function¬ 
ally single ventricle hearts [11-18]. The recurrence risk among 
first-degree relatives appears to be in the range associated with 
polygenic inheritance (2-5%) [19-22]. 

Embryologic development 

Concepts about development of most congenital heart defects 
are speculative because no one has ever observed active, in vivo 
development of a defective human heart. However, it is possi¬ 
ble to infer likely mechanisms from what is known about nor¬ 
mal human development and abnormal development in animal 
models. The following brief description of normal development 
is provided for comparison with the proposed abnormal devel¬ 
opment in subsequent sections. 

In early looping the heart tube is rather uniform with no 
clear demarcation of chambers. Cells from the second heart field 
are added to both ends of the heart tube as it elongates and 
loops [23]. The dorsal mesocardium, which initially joins the 
heart tube throughout its length to prepharyngeal mesoderm, 
degenerates in its mid portion [24] allowing the elongating heart 
tube to bend anteriorly and then rightward, called dextral or 
D-looping [25]. As the heart chambers begin expansile growth 
from the outer curvature of the looping heart tube [26], the AV 
canal becomes apparent as a constriction between the common 
atrial chamber and the developing left ventricle and the inter¬ 
ventricular foramen as a constriction between the developing 
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ventricles. The AV canal is exclusively aligned with the develop¬ 
ing left ventricle and the outflow continues from the inner cur¬ 
vature of the heart tube at the rostral end of the developing right 
ventricle. As the heart chambers continue to enlarge, the right 
side of the AV canal and the right atrium grow faster than the 
left, allowing the AV canal to expand above the right ventricle 
and below the right atrium, creating a right ventricular inflow 
and establishing alignment of the right atrium with the right 
ventricle through the right side of the AV canal [27]. Swellings 
or cushions develop in the AV canal as well as the outflow [28]. 
At the same time, septation of the common atrium begins with 
downward growth of septum primum or the primary atrial sep¬ 
tum from the superior wall and invasion of the dorsal mesenchy¬ 
mal protrusion or vestibular spine from the posterior-inferior 
wall [29]. These septal structures continue to grow into and sep¬ 
tate the common atrium, finally fusing with the two main AV 
cushions. At that point the AV cushions fuse to each other as 
well, separating the AV canal into right and left halves, aligning 
the right atrium and ventricle and the left atrium and ventri¬ 
cle, respectively. Before completion of atrial septation, the sep¬ 
tum primum, near its origin from the superior wall, breaks down 
forming ostium secundum and allowing continued communica¬ 
tion between the right and left atria. The fused AV cushions then 
become draped over the muscular inflow ventricular septum 
that has developed on their ventricular side [30]. Meanwhile the 
outflow cushions fuse from distal to proximal under the influ¬ 
ence of cardiac neural crest cells, dividing the outflow into aorta 
and pulmonary artery [31]. As this occurs the proximal outflow 
undergoes counterclockwise rotation, as viewed from the ventri¬ 
cles, so that the aorta which is anterior distally comes to lie right- 
ward and posterior proximally, and the pulmonary artery which 
is posterior distally moves anteriorly and leftward proximally 
[32]. The outflow septum, which developed by fusion and mus- 
cularization of the proximal parts of the outflow cushions, then 
inserts into the limbs of the interventricular foramen, aligning 
the aorta with the left ventricle and the pulmonary artery with 
the right ventricle, and closing the interventricular foramen [33]. 
The AV valves develop from the AV cushions by a process that 
involves thinning, elongation and separation from underlying 
myocardium by apoptosis of cardiomyocytes [30]. The semilu¬ 
nar valves develop from the outflow cushions by excavation and 
thinning that also involves apoptosis probably initiated by neu¬ 
ral crest cells [34]. 

Double-inlet left ventricle 

DILV includes hearts in which both AV valves are aligned with 
and connected to one ventricular chamber of left ventricular 
morphology [6] (Figures 27.1-27.6; Videos 27.1-27.5). 

Embryologic development 

DILV is easily envisioned as an arrest of development at the stage 
where the AV canal is completely aligned with the developing left 


ventricle. Most often DILV is associated with leftward bending 
or looping (levo or L-looping) of the heart tube, although 30- 
35% of the time dextro or D-looping occurs. DILV is associated 
with failure of development and growth of the right ventricular 
sinus. As the AV canal expands toward the inner curvature of 
the heart tube it becomes aligned with the right atrium. How¬ 
ever, the expanding edge does not cross the foramen between 
the left ventricle and outflow as it does in the normal heart. It is 
unclear if confinement of the AV canal to the left ventricle is pri¬ 
mary and failure of RV development secondary, or the converse. 
In either case, atrial septation appears to proceed correctly with 
the septum primum and dorsal mesenchymal protrusion fusing 
with and inducing central fusion of the main AV cushions to 
form two AV valves. It is interesting that development of the AV 
valves proceeds rather normally despite lacking an underlying 
muscular ventricular septum over which to drape themselves. 
The infundibulum or outlet chamber derives from the outflow 
portion or ascending limb of the heart tube and maintains its 
primitive connection with the left ventricle, the outflow fora¬ 
men, which would have been the interventricular foramen had 
the right ventricle developed. In fact, the size of the outlet cham¬ 
ber is somewhat variable and in some cases it appears that a small 
portion of right ventricular sinus might be present, especially in 
hearts where the outlet chamber extends inferiorly toward the 
diaphragmatic heart border. Alternatively, the larger size of the 
outlet chamber could be from expansion of the apical trabecular 
portion of the infundibulum or outlet chamber. 

Abnormal ventriculo-arterial (VA) alignment, present in the 
great majority of these hearts, is most likely due to abnormal 
rotation of the outflow so that the proximal aorta remains ante¬ 
rior and the proximal pulmonary trunk posterior [35,36]. This 
abnormal rotation is also associated with persistence of the out¬ 
flow foramen between the left ventricle and outlet chamber due 
to failure of the outlet septum to join the limbs of the out¬ 
flow foramen [36]. Rarely, and essentially exclusively in D-loop 
hearts, the rotation of the outflow occurs correctly resulting in 
normally aligned great arteries. Even in these cases, however, the 
outflow septum rarely completely closes the outflow foramen. 

Anatomy 

The systemic and pulmonary veins and atria are usually normal 
(for situs solitus). Although reported in situs inversus [37,38], 
such hearts are extraordinarily rare because situs inversus and 
DILV are both rare conditions. 

The AV valves are often recognizable as a mitral or tricuspid 
valve [39,40]. The valve near the septal wall of the left ventricle 
(see later) is often tricuspid in character and the one nearest the 
free wall more mitral (Figure 27.6). In other cases the valves are 
symmetrical, resembling each other more than either a mitral or 
tricuspid valve. Hypoplasia and stenosis of an AV valve is seen 
in up to 15-20% of hearts [40] (Figure 27.7). Rarely a common 
AV valve is aligned and connected to an isolated left ventricle. 

The left ventricular chamber has a free wall on one side with 
multiple papillary muscles and a smooth wall on the other that 
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Figure 27.1 A heart specimen of DILV with transposition of the great arteries {S,L,L}. (a) Opened left ventricle. The smooth septal wall is to the right of 
the image and the free wall is to the left. The right AV valve (RAW) is mitral-like with a deep medial leaflet and a shallow lateral leaflet while the left AV 
valve (LAW) has three leaflets and attachments onto the inferior septal wall near the outflow foramen (OF), more like a tricuspid valve. The pulmonary 
valve (PV) is between the AV valves. Only a right hand (upper left) can describe this L-loop or inverted left ventricle, with the thumb in the AV valves, the 
fingers in the pulmonary valve and the palm against the septal wall, (b) Opened outlet chamber. The aortic valve (AoV) is supported by the ring of 
infundibular muscle that comprises the outlet chamber. Part of the LAW is seen through the outflow foramen (OF) below the AoV. (c) Zoomed view of the 
PV and OF. Three mechanisms for subpulmonary obstruction are illustrated here: accessory AV valve tissue (arrow), fibromuscular ridge (*), and deviation 
of the outlet septum (dashed line). Note that the outlet septum is nearly perpendicular to the plane of the muscular septum and does not occupy the OF. 


is the left ventricular septal wall (Figures 27.1-27.3). Note that 
the septal wall is a characteristic feature of the left ventricle and 
is present even when there is no ventricular sinus on the other 
side. A large muscle bundle, the posterior median ridge, is often 
present on the inferior or diaphragmatic wall of the left ven¬ 
tricle running from base to apex between the AV valves (Fig¬ 
ure 27.3a). An infundibulum or outlet chamber is uniformly 
associated with the left ventricle (Figures 27.1b and 27.2b) and 
the AV valve closer to the septum frequently straddles into it 
[6,40] (Figure 27.3). The connection between the left ventri¬ 
cle and outlet chamber is variously called a bulboventricular 
foramen, interventricular foramen, or ventricular septal defect. 


In fact, the type and location of the communication is vari¬ 
able [40,41]. Most often it is the persisting outflow foramen of 
the embryonic heart, between the conal or infundibular septum 
(outlet septum) and the left ventricular septal wall (Figures 27.1 
and 27.3). The infundibular or outlet septum is readily identi¬ 
fied between the semilunar valves because it is rarely correctly 
inserted into the muscular ventricular septum (Figures 27.1c 
and 27.2b). In other cases, the communication is a muscular 
defect between the mid or apical part of the outlet chamber and 
the left ventricle (Figure 27.7). The size of the communication 
is also variable [40-42]. A small communication is a frequent 
cause of obstruction to whichever semilunar root arises from the 
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Figure 27.2 Three echocardiographic views of a heart with DILV and transposition of the great arteries {S,L,L}. (a) Apical 4-chamber view showing both 
AV valves entering the left ventricle (LV). (b) Subxiphoid long-axis view showing the right atrium (RA) aligned with the LV through the right AV valve, the 
posterior and rightward pulmonary artery (PA) aligned with the LV, and the anterior and leftward aorta (Ao) aligned with the outlet chamber (OC). The 
outlet septum (a) is deviated posteriorly and leftward toward the PA. The space between the deviated outlet septum and the LV septal wall is the outflow 
foramen, (c) Parasternal short-axis view showing the left (LAW) and right (RAW) AV valves in the LV, the leftward and superior OC, and the outflow 
foramen connecting it to the LV. A right hand (right upper) is required to describe the LV with the thumb into the AV valves, the fingers in the outflow and 
the palm against the septal wall. 


outlet chamber. A persistent outflow foramen is often large and 
unobstructed while more apical muscular communications are 
essentially always obstructed [40]. 

The situs or organization of the left ventricle can be either soli- 
tus or D-loop, or inversus or L-loop (Figures 27.1a, 27.2b, and 
27.3a). The hand rule is useful to distinguish between the types 
of left ventricle [43]. One imagines placing the thumb in an AV 
valve, the palm against the septum, and the index finger in the 
outflow. If this can be done with the left hand, the left ventri¬ 
cle is solitus or D-loop. Alternatively, if a right hand is required, 
the left ventricle is inverted or L-loop. (Note that the handed¬ 
ness of the left ventricle is opposite to that of the right ventri¬ 
cle where the hand rule is more frequently applied.) The impor¬ 
tance of determining ventricular situs or loop is threefold: first, 


the conduction system is usually superior to the outflow fora¬ 
men in an inverted or L-loop left ventricle (with atrial situs soli¬ 
tus) but inferior in a solitus or D-loop left ventricle [44,45]; sec¬ 
ond, the VA alignment is essentially always transposition (dis¬ 
cordance) when the left ventricle is inverted while in 10% or so 
of DILV with a solitus or D-loop left ventricle the great arteries 
are normally related (concordance) [40]; and third, the epicar- 
dial course of the coronary arteries is determined by the arrange¬ 
ment of the ventricles [46]. 

When the great arteries are transposed the pulmonary valve is 
typically wedged between the AV valves and is in fibrous conti¬ 
nuity with both (Figures 27.1a and 27.3a) while the aortic valve 
is aligned with the outlet chamber and supported by infundibu¬ 
lar muscle (Figures 27.1b and 27.3b). Conversely, in normally 
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Figure 27.3 A heart specimen of DILV with transposition of the great arteries {S,D,D}. (a) Opened left ventricle. The smooth septal wall is to the left in 
this image and the free wall to the right. The left (LAW) and right (RAW) AV valves do not have clear mitral or tricuspid character, except that the right 
AV valve attaches to the septal wall. The RAW also straddles through the outflow foramen (OF) into the outlet chamber. The pulmonary valve (PV) is 
between the AV valves. A posterior median ridge (*) courses down the free wall between the AV valves. Only a left hand (upper left) can describe this 
ventricle, with the thumb in the AV valves, the fingers in the PV and the palm against the septal wall, (b) Opened outlet chamber. The aortic valve (AoV) is 
supported by the infundibular muscle of the outlet chamber. A small part of the RAW straddles into the outlet chamber through the outflow foramen. 


related great arteries it is the aorta that is wedged between the AV 
valves and the pulmonary artery arises from the outlet chamber. 

The coronary artery anatomy depends on the ventricular situs 
or loop because the epicardial coronary pattern seems to be 
determined by cues from the underlying ventricle. When the 
great arteries are malposed (transposition or double outlet), the 
arteries arise from the posterior, facing sinuses. In an L-loop 
DILV, the morphologically left coronary artery is right-sided and 
bifurcates into a small delimiting artery (analogous to the ante¬ 
rior descending artery) that runs in the groove between the left 
ventricle and outlet chamber and a circumflex artery that passes 
posteriorly in the right AV groove, giving off a variable number 
of atrial and ventricular branches along its course. The morpho¬ 
logically right coronary artery passes posteriorly in the left AV 
groove, giving off a posterior delimiting artery and a variable 
number of ventricular branches that run toward the apex. In D- 
loop DILV with abnormal VA alignment, the coronary pattern 
is just the mirror image of that described earlier. If the VA align¬ 
ment is concordant (normally related great arteries), the coro¬ 
nary pattern is usually much like that seen in the normal heart 
where the ostia are in the anterior, facing sinuses. 

The aortic arch is usually to the left and branching is usu¬ 
ally normal. The orientation of a left aortic arch is often from 
left-anterior to right-posterior in L-transposed arteries simply 
because of the location of the ascending aorta. The branch pul¬ 
monary arteries are usually normal, even in hearts with subval¬ 
var and/or valvar pulmonary stenosis. 

The cardiotypes most frequently associated with DILV are: 
{S,L,L} (solitus atria, inverted L-loop left ventricle, leftward and 
anterior aorta) - 60%; {S,D,D} (solitus atria, solitus D-loop 
left ventricle, rightward and anterior aorta) - 20%; and {S,D,S} 


(solitus atria, solitus D-loop left ventricle, and solitus normally 
related great arteries) which carries the eponym Holmes heart - 
15% [40]. 

A number of associated defects can be seen with DILV. A 
secundum atrial septal defect is occasionally present but the 
atrial septum is often intact. Abnormalities of the AV valves 
including hypoplasia or stenosis or regurgitation (Figure 27.6), 
are seen in a significant proportion [39-41]. Subvalvar obstruc¬ 
tion of the posterior root - the one aligned with the left ven¬ 
tricle - can be due to posterior malalignment of the outlet sep¬ 
tum, AV valve tissue, or a fibromuscular ridge (Figures 27. lc and 
27.2c). The outflow foramen is frequently obstructed [40,41]. If 
the great arteries are transposed this results in subaortic steno¬ 
sis and often hypoplasia of the aorta with coarctation or even 
arch interruption. Conversely, the obstruction is subpulmonary 
when the great arteries are normally related. 

Physiology 

DILV results in mixing of systemic and pulmonary venous blood 
in the left ventricle. If mixing is complete, the oxygen saturation 
is similar in the aorta and pulmonary artery and determined 
by the ratio of pulmonary to systemic blood flow (Qp/Qs). 
Occasionally there can be remarkable streaming that produces 
a marked difference between systemic and pulmonary arterial 
oxygen saturation. Obstruction of the outflow foramen with 
TGA favors pulmonary blood flow and diminishes systemic car¬ 
diac output but does the opposite with normally related great 
arteries. 

Left ventricular volume overload is characteristic of essen¬ 
tially all forms of DILV because the left ventricle must pump 
both systemic and pulmonary blood flow. The higher the Qp/Qs 
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Figure 27.4 Three echocardiographic views of a heart with DILV and transposition of the great arteries {S,D,D}. (a) Apical 4-chamber view showing both 
AV valves aligned with the left ventricle (LV). (b) Subxiphoid short-axis view showing the right (RAW) and left (LAW) AV valve in cross-section. The 
pulmonary artery (PA) is aligned with the LV. (c) A more apical short-axis cut showing the aorta (Ao) arising from the outflow chamber (OC). The LV can 
only be described using the left hand, with the thumb in the AV valves, the fingers in the outflow and the palm against the LV septal wall. 


is, the greater the volume overload and the higher the systemic 
oxygen saturation. Chronic volume overload results in left ven¬ 
tricular dilation, eccentric hypertrophy, and eventually adverse 
remodeling. Obstruction to ventricular outflow or aortic arch 
obstruction causes concentric hypertrophy, myocardial fibrosis 
and diastolic dysfunction. Concentric hypertrophy further nar¬ 
rows the outflow resulting in a positive feedback loop that can 
quickly lead to ventricular failure. 

Excessive pulmonary blood flow, especially with pulmonary 
hypertension, damages the pulmonary vascular endothelium 
and leads to progressive pulmonary vascular obstructive disease. 

An atrial septal defect facilitates mixing and reduces stream¬ 
ing. AV valve regurgitation increases the ventricular vol¬ 
ume overload. The effect of AV valve stenosis depends on 
which valve is involved and whether an atrial septal defect is 
present. In the absence of an atrial defect, stenosis of the left 


(pulmonary) AV valve causes pulmonary venous hypertension 
with pulmonary congestion and increased pulmonary arterial 
and venous smooth muscle. Conversely right (systemic) AV 
valve stenosis causes systemic venous hypertension with liver 
engorgement, peripheral edema, and serous effusion. 

Treatment strategies 

Neonatal palliation is usually undertaken for systemic outflow 
and/or aortic arch obstruction. Amalgamation of the aorta and 
pulmonary trunk is frequently used to bypass obstruction of 
the outflow foramen between the left ventricle and outlet cham¬ 
ber [47]. Some type of systemic-pulmonary shunt is then nec¬ 
essary to provide pulmonary blood flow. Another approach 
is enlargement of the outflow foramen [45]. Extensive arch 
reconstruction may be necessary in cases of arch hypoplasia or 
interruption. 
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Figure 27.5 Two echocardiographic views of a Holmes heart, DILV with normally related great arteries {S,D,S}. (a) Parasternal long-axis view showing 
the left AV valve (LAW) entering the left ventricle (LV) and the aorta (Ao) normally aligned and connected to the LV. The outlet septum (a) is small and 
mildly deviated posteriorly The outflow foramen connects the LV with the outlet chamber (OC). This solitus or D-loop left ventricle can only be 
represented by a left hand with the thumb in the LAW, the fingers in the Ao, and the palm against the septal wall, (b) Subxiphoid short-axis view through 
the base of the LV showing the LAW and right AV valve (RAW). The LAW has a medial leaflet and a mural leaflet characteristic of a mitral valve. The 
RAW has three leaflets, medial, inferior, and septal, characteristic of a tricuspid valve. The communication between the LV and outlet chamber (OC) 
extends from the outlet septum (*), seen just posterior to the pulmonary valve (PV), behind the septal leaflet of the RAW The size of the OC and the 
inferior extension of the outflow foramen suggest the presence of some RV sinus in this heart. 


Severe pulmonary stenosis or atresia prompts creation of 
a systemic-pulmonary shunt. Patients with unrestricted pul¬ 
monary blood flow and no systemic outflow obstruction often 
undergo pulmonary artery banding within the first months of 
life to treat heart failure and improve outlook for Fontan pallia¬ 
tion [48]. 


Patients with stenosis of an AV valve can benefit from cre¬ 
ation of an atrial septal defect, either by interventional catheter 
procedure or surgery, to relieve systemic or pulmonary venous 
obstruction. Conversely, severe insufficiency of an AV valve may 
prompt plasty or even patch closure of the valve, with creation 
of an atrial defect, to relieve the volume overload. 


Figure 27.6 Apical 4-chamber view (left) and 
color flow map (right) of a heart with DILV, 
normally related great arteries {S,D,S}, and 
right AV valve hypoplasia. Note the 
aneurysm of septum primum (a) bulging 
into the left AV valve. 
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Figure 27.7 Opened left ventricle of a heart with DILV and double-outlet 
infundibulum {S,D,D}. There is a second, more apical communication (a) 
between the left ventricle and the outlet chamber in addition to the outflow 
foramen (OF). 

The long-term strategy for these patients is staging toward 
a Fontan procedure, with creation of a bidirectional cavopul- 
monary anastomosis around 6 months of age and completion 
of the Fontan procedure around 1 year of age [49]. 

Double-inlet right ventricle 

DIRV is a rare heart defect (0.2% of cardiac autopsies and 1 in 
11,000 patients seen by a cardiology service [50]) in which, anal¬ 
ogous to DILV, both AV valves are aligned and connected with a 
ventricle of right ventricular morphology (Figures 27.8 and 27.9; 
Video 27.6). Some series [51,52] have described a preponder¬ 
ance of cases with heterotaxy syndrome, unbalanced common 
AV canal, and a hypoplastic left ventricle (see Chapter 28). 

Embryologic development 

The development of DIRV is more difficult to understand 
because there is never a time during normal development when 
the AV canal is completely aligned with the developing right ven¬ 
tricle. Even the direction of looping of the heart tube is uncertain 
in most cases because there is no clear septal wall of the right 
ventricle present and a rudimentary left ventricle is demonstra¬ 
ble in a minority [50]. In the few cases where a small LV cav¬ 
ity is present, the loop appears to have been dextral in most. 
Expansion of the AV canal appears to be normal or nearly so 
because it becomes normally aligned with the right atrium. Fur¬ 
ther, the combined size of the two AV valves is substantially 
larger than either a single mitral or tricuspid valve. What allows 
the AV canal to become situated completely above the devel¬ 
oping right ventricle is unclear. Either the LV cavity is absent 
or small primarily or it becomes so after losing alignment with 
the AV canal. Atrial septation proceeds normally as in DILV 


resulting in division of the AV canal into two separate valves, 
both aligned with the right ventricle. Again, it is interesting that 
the AV valves develop relatively normally despite absence of the 
muscular inflow septum. The outflow then develops in broad 
continuity with the underlying right ventricle without interpo¬ 
sition of an outflow foramen as seen in DILV. The infundibular 
or outlet septum divides the outflow into aortic and pulmonary 
components and comes to sit above the right ventricular cavity 
within the outflow muscular sleeve, which is the cranial continu¬ 
ation of the developing right ventricle. Outflow rotation appears 
to be abnormal in most cases resulting in double-outlet right 
ventricle with side-by-side or otherwise malposed great arter¬ 
ies. On the other hand, rotation may approximate normal in 
hearts with a rightward and posterior aorta and anterior and 
leftward pulmonary artery. Uneven division of the outflow, with 
or without deviation of the infundibular septum, likely explains 
the hypoplasia and obstruction of either the pulmonary or aortic 
outflow seen frequently in DIRV. 

Anatomy 

Persistence of a left superior vena cava to coronary sinus and 
secundum atrial septal defect appear to be frequent findings 
[50]. The morphology of the AV valves resembles a normal 
mitral or tricuspid valve less frequently than in DILV (Fig¬ 
ures 27.8 and 27.9). Hypoplasia or stenosis of one AV valve, 
most frequently the left, occurs in 25% or more of cases (Fig¬ 
ure 27.8b,c) but more than mild regurgitation is uncommon 
[50]. A tiny hip-pocket left ventricle (Figure 27.8c) is present 
in up to 20-25% of patients [50], although some series have 
reported a higher prevalence [51]. It is located posteriorly near 
the AV groove and usually communicates with the right ven¬ 
tricle through a ventricular septal defect. In these cases there 
are clearly two ventricular sinuses although the rudimentary left 
ventricle can never function independently. The right ventricle is 
often large, hypertrophied and bizarrely shaped with a few large 
muscle bundles. There is a prominent posterior-median ridge 
passing from base to apex between the AV valves (Figure 27.8b 
and 27.9) and which often receives attachments of the AV valves. 
This can give the appearance of a ventricular septum on clinical 
imaging studies and has resulted in an erroneous diagnosis of 
two ventricular sinuses with multiple ventricular septal defects. 
A characteristic feature of DIRV is absence of a septal wall with 
a smooth basal endocardial surface (the left ventricular septal 
wall) as seen in DILV. In addition the outflow of the heart con¬ 
tinues broadly from the right ventricle with no constriction (out¬ 
flow foramen) separating the outlet chamber from the ventri¬ 
cle as seen in DILV (Figures 27.8 and 27.9). The infundibular 
or outlet septum sits above the right ventricular cavity divid¬ 
ing the subarterial infundibular sleeve and does not usually join 
a wall of the ventricular body. Uneven division of the outflow 
into subpulmonary and subaortic infundibula, with or without 
deviation of the outflow septum, is a frequent cause of obstruc¬ 
tion, especially subpulmonary obstruction (Figures 27.8a and 
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Figure 27.8 Two hearts with DIRV. (a) DIRV with double-outlet right ventricle {S,X,D}. The ventricular loop cannot be determined in this heart because 
the septal wall of the right ventricle cannot be identified, hence the “X” ventricular loop. The left (LAW) and right (RAW) AV valves enter the body of the 
right ventricle. The junction between the right ventricular body and outflow is broad (dotted line) and the infundibular or outlet septum (*) sits directly 
above the right ventricular body with the aorta (Ao) and pulmonary artery (PA) on either side, (b) DIRV with double-outlet right ventricle {S,D,D}. The 
septal wall of the right ventricle can be identified in this heart because there is a small left ventricular chamber, seen in (c) behind the hypoplastic and 
straddling LAW. Only a right hand (upper left) can be used to describe the right ventricle with the thumb in the AV valves, the fingers in the outflow, and 
the palm against the septal wall (under the LAW). Here the hand rule is being applied to a right ventricle so that a right hand describes a solitus or D-loop 
right ventricle. Note the broad junction (dotted line) between the body of the right ventricle, with the LAW and RAW, and the outflow, with the Ao and 
PA. The outlet or infundibular septum is the muscular ridge between the Ao and PA. A posterior median ridge (*) is seen between the LAW and RAW. 
(c) Opened hypoplastic left ventricle (LV) with a part of the LAW straddling through a VSD. There are two ventricular sinuses present in this heart. 


27.9). Aortic arch obstruction regularly accompanies subaortic 
stenosis. 

Right aortic arch seems to be somewhat more frequent than 
expected [50,51]. Branch pulmonary arteries are usually normal 
despite the prevalence of subpulmonary obstruction. Coronary 
arteries arise from the aortic sinuses facing the pulmonary root 
and form circumflex arteries in their respective AV grooves, giv¬ 
ing off descending branches at irregular intervals around the 
heart [46]. 

The cardiotypes most frequently associated with DIRV are: 
{S,X,D} (solitus atria, indeterminate ventricular loop, rightward 


and anterior aorta) - 50%; {S,D,D} (solitus atria, solitus D-loop 
left ventricle, rightward and anterior aorta) - 15%; and {S,X,L} 
(solitus atria, indeterminate ventricular loop, and leftward and 
anterior aorta) - 20% [50]. 

Physiology 

The physiology of DIRV is rather similar to DILV in that both 
are common mixing lesions in the ventricle with the potential 
for outflow obstruction. Although the systemic and pulmonary 
arterial saturations are usually similar, and dependent on the 
Qp/Qs, considerable streaming can occur in some hearts. Right 
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Figure 27.9 Two echocardiographic views in DIRV. (a) Apical 4-chamber view in a patient with DIRV and double-outlet right ventricle {S,X,D}. Both AV 
valves enter the right ventricle. Note the large muscle bundles in the right ventricle (RV). (b) Subxiphoid long-axis view in a heart with DIRV and 
double-outlet right ventricle {S,X,D} showing the left (LAW) and right (RAW) entering the body of the right ventricle which continues broadly as the 
outflow with the aorta (Ao) and pulmonary artery (PA). The infundibular or outlet septum (a) is deviated under the PA causing subpulmonary 
obstruction. 


ventricular volume overload is characteristic of DIRV because 
the right ventricle must pump both systemic and pulmonary 
blood flow. A higher Qp/Qs results in greater ventricular vol¬ 
ume overload and higher systemic oxygen saturation. Chronic 
volume overload results in right ventricular dilation, eccentric 
hypertrophy, and eventually adverse remodeling. Conversely, 
very cyanotic patients have a low Qp/Qs and only a mild right 
ventricular volume overload. Obstruction to ventricular out¬ 
flow or aortic arch obstruction causes concentric hypertrophy, 
myocardial fibrosis and diastolic dysfunction. 

Although reduced pulmonary blood flow is the more frequent 
problem, excessive pulmonary blood flow, especially with pul¬ 
monary hypertension, leads to progressive pulmonary vascular 
obstructive disease. 

As in DILV, in the absence of an atrial septal defect, steno¬ 
sis of the right AV valve produces systemic venous obstruction 
and stenosis of the left AV valve results in pulmonary venous 
obstruction. Insufficiency of either AV valve compounds the 
right ventricular volume overload. 

Pulmonary outflow obstruction occurs frequently and, if 
severe, results in a ductus-dependent pulmonary circulation. 
Systemic outflow obstruction is less common but can limit flow 
directly into the aorta. Marked limitation of aortic flow results in 
ductus-dependent systemic circulation. Aortic arch hypoplasia, 
coarctation or interrupted aortic arch often accompanies severe 
systemic outflow obstruction. 

Treatment strategies 

Initial palliation in DIRV is most often by creation of a systemic- 
pulmonary shunt for pulmonary stenosis or atresia [50,52]. A 
small proportion of patients, those with subaortic obstruction, 
undergo amalgamation of the aorta and pulmonary artery to 


bypass the obstruction with creation of a systemic-pulmonary 
shunt as a source of pulmonary blood flow [50,52]. Arch recon¬ 
struction is often needed in these patients as well. Creation of 
an atrial septal defect can improve mixing and is indicated if 
one AV valve is stenotic. Long-term palliation is staging toward 
a Fontan circulation with bidirectional cavopulmonary anasto¬ 
mosis around 6 months of age and completion of Fontan around 
1-2 years of age [52]. 

Tricuspid atresia (TA) 

TA is characterized by absence or impatency of the usual AV 
valve of the right ventricle (Figures 27.10-27.12; Videos 27.7- 
27.10). In addition, the right ventricular sinus or body is absent, 
or extremely hypoplastic. As in DILV, the small chamber present 
in the ventricular mass in addition to the left ventricle is an 
infundibulum or outlet chamber. 

Embryologic development 

The primary abnormality in TA is failure of expansion of the AV 
canal toward the inner curvature of the heart tube. Bending or 
looping of the heart tube is dextral in the majority of patients 
but is to the left (levo or L) in about 10%. As the chambers bal¬ 
loon out of the greater curvature of the heart tube, the atria and 
left ventricle appear to expand normally but the right ventricu¬ 
lar sinus does not develop or remains quite hypoplastic. The AV 
canal remains confined to the left atrium and left ventricle, never 
becoming aligned with either the right atrium or right ventricle. 
Expansion of the AV canal is less than normal because the mitral 
valve that forms from it is substantially smaller than the com¬ 
bined sizes of the two AV valves that form in the normal heart or 
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Figure 27.10 A heart with TA and normally related great arteries {S,D,S}. (a) The opened left ventricle with a smooth septal surface to the left of the 
image and the mitral valve (MV) attaching to free wall papillary muscles to the right. The aortic valve (Ao) is in fibrous continuity with the MV. There is a 
tiny communication (a) between the left ventricle and the outlet chamber (seen in (b)). (b) The opened outlet chamber supporting the pulmonary artery 
(PA). The tiny communication (a) with the left ventricle is seen, (c) The opened right atrium showing the orifice of the superior vena cava (SVC), the right 
atrial appendage (RAA) with pectinate muscles, and the foramen ovale (FO). Note the small depression in the floor of the right atrium (a) marking the 
usual location of the absent tricuspid valve. 


in double-inlet hearts. Atrial septation occurs normally except 
that the plane of the developing atrial septum, which appears 
normal with respect to the common atrium, is aligned with the 
edge of the AV cushions toward the inner curvature and not 
with the center of the cushions, apparently because of inadequate 
expansion of the AV canal. Consequently all of the AV cush¬ 
ion material goes toward making the mitral valve, with failure of 
development of direct communication between the right atrium 
and right ventricle. The left ventricle continues to communicate 
with the outflow part of the heart tube through the outflow fora¬ 
men, which would have become the interventricular foramen 
had the right ventricle developed. Instead, only the infundibu¬ 
lum or outlet chamber develops. Rotation of the outflow seems 
to proceed normally in most hearts with TA resulting in normal 
alignment of the aorta with the left ventricle and the pulmonary 


trunk with the infundibulum or outlet chamber. In some of these 
hearts, the outflow foramen becomes completely closed by the 
outlet septum resulting in an intact septum between the left ven¬ 
tricle and outlet chamber. In most, however, the foramen is not 
closed allowing a communication of variable size between the 
left ventricle and the outlet chamber. In other hearts, including 
all of those with levo or L-loop left ventricle, outflow rotation is 
abnormal resulting in transposed or double-outlet alignment of 
the great arteries. In these hearts, the outflow foramen almost 
always remains open. 

Anatomy 

Persistence of a left superior vena cava draining to the coro¬ 
nary sinus occurs more frequently than in normal hearts [53]. 
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Figure 27.11 A heart with TA, transposition of the great arteries {S,D,D} and left-sided juxtaposition of the right atrial appendage, (a) Opened left 
ventricle with the smooth septal wall to the left of the image and the mitral valve (MV) with papillary muscle attachments to the free wall on the right side. 
The outflow foramen (OF) is seen in the septal wall. A small ridge of conal muscle (a) separates the MV from the pulmonary valve (PV). (b) Outlet 
chamber comprised of conal or infundibular muscle supporting the aortic valve (Ao). The OF is seen just below the infundibular or outlet septum (*). (c) 
Juxtaposed right (RAA) and left (LAA) atrial appendages at the left heart border. The RAA is always superior and anterior to the LAA in left-sided 
juxtaposition in situs solitus of the atria, (d) Opened left atrium showing the atrial septal defect (ASD) between septum primum below and septum 
secundum above. The mitral valve (MV) is between the atrial septum and the orifice of the LAA. 


Left-sided juxtaposition of the atrial appendages in situs soli¬ 
tus (Figure 27.11c) is strongly associated with TA, occurring in 
about 10% of cases [54]. In hearts with this arrangement of the 
atrial appendages, a large atrial defect, associated with angula¬ 
tion of septum primum with respect to septum secundum, is the 
rule (Figure 27.1 Id). Otherwise, a patulous foramen ovale is the 
most frequent finding in the atrial septum (Figure 27.13). Pul¬ 
monary venous drainage is usually normal. 

The tricuspid valve is completely absent in the majority of 
cases (Figures 27.10c and 27.12d). There is often a small depres¬ 
sion in the muscular floor of the right atrium in the usual loca¬ 
tion of the tricuspid valve, but no valve apparatus. In most 
hearts with TA, the dimple in the floor of the right atrium is 
directed toward the left ventricular outflow and not toward the 


outlet chamber, further suggesting absence of the right ven¬ 
tricular sinus [55]. The right AV sulcus is very deep, remi¬ 
niscent of the inner curvature of the early looping heart tube 
(Figure 27.14). In a minority of cases a tricuspid valve annu¬ 
lus, leaflets, and chordae, in varying stages of development, can 
be identified [53,55]. In these cases the leaflets are completely 
fused, preventing any flow of blood across the valve. Formed but 
atretic valves are associated with partial AV canal defects (pri¬ 
mum atrial septal defect) [56], Ebstein anomaly [57], and con¬ 
genital pulmonary valve regurgitation (absent pulmonary valve) 
with intact ventricular septum [58] (Figure 27.15). 

The mitral valve is usually normally formed, but a cleft in 
the anterior leaflet (Figure 27.16) is seen in some hearts with 
TA and TGA [59]. The annulus diameter of the mitral valve is 
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Figure 27.12 A heart with TA and transposition of the great arteries {S,L,L}. (a) Opened left ventricle with the smooth septal wall to the right of the image 
and the free wall with papillary muscle attachments of the mitral valve (MV) to the left. The MV is in fibrous continuity with the pulmonary valve (PV). 
The small outflow foramen is between the infundibular or outlet septum (*) and the septal wall of the left ventricle. Only a right hand (upper right) can 
describe this left ventricle, with the thumb in the MV, the fingers in the PV and the palm against the septal wall, indicating that it is inverted or an L-loop. 
(b) Opened outlet chamber with the aortic valve (Ao) supported by infundibular or conal muscle. The orifice of the outflow foramen (OF) is surrounded 
by white, fibrous tissue extending onto the free wall under the Ao due to endothelial reaction to the high-velocity jet of blood crossing the OF. (c) Opened 
right atrium, with the right atrial appendage (RAA) and fossa ovalis (FO), draining through a mitral valve (MV) into the right-sided, inverted left ventricle, 
(d) Opened left atrium with left (LPV) and right (RPV) pulmonary veins entering. The only egress is through the foramen ovale (FO) or the coronary 
sinus defect (CSD) because the tricuspid valve is atretic. 


usually somewhat greater than in normal controls [60], proba¬ 
bly due to increased flow volume. The left ventricle is dilated but 
not excessively hypertrophied in the absence of outflow obstruc¬ 
tion [61]. The infundibulum or outlet chamber is small and 
supports one or both great arteries. In cases where the outlet 
chamber extends inferiorly toward the diaphragmatic surface 
of the heart (Figure 27.17), some right ventricular sinus may 
be present. In any case, it is virtually always severely hypoplas¬ 
tic and has no inlet component. It is also possible that these 
larger chambers are simply an expanded infundibulum with 
no right ventricular sinus present. The left ventricle usually 
communicates with the outlet chamber through the primitive 


outflow foramen - often called a ventricular septal defect or 
bulboventricular foramen. In a few cases the septal wall of the 
left ventricle is intact. A small communication causes subvalvar 
obstruction of the arterial root that is supported by the outlet 
chamber. 

The great arteries are normally related in most hearts with TA 
[53]. The aortic valve is aligned with the left ventricle and in 
fibrous continuity with the mitral valve. The pulmonary artery 
is aligned with the infundibulum or outlet chamber. The pul¬ 
monary valve, trunk and branches are remarkably well formed 
in most hearts despite severe subvalvar obstruction or even atre¬ 
sia (Figure 27.10). Only occasionally is there stenosis or atresia 
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Figure 27.13 Color flow map in subxiphoid long-axis view in a patient 
with TA and normally related great arteries {S,D,S} showing right-to-left 
flow through the open foramen ovale (arrow). 


of the pulmonary valve and very rarely discontinuity or obstruc¬ 
tion of branch pulmonary arteries. 

Abnormalities of VA alignment occur in a significant minor¬ 
ity of TA hearts, most frequently transposition (discordance), 
with the pulmonary artery aligned with the left ventricle and 
mitral-pulmonary fibrous continuity and the aorta aligned with 
the outlet chamber [53]. In a few hearts there is double outlet 
from the infundibulum, with both great arteries arising from 
the outlet chamber. Extremely rare is double-outlet left ventri¬ 
cle with TA [62]. Hypoplasia of the aortic arch, coarctation and 
even aortic arch interruption are associated with obstruction 
of the outflow foramen when the great arteries are transposed 


(Figure 27.18). Other conotruncal anomalies, especially truncus 
arteriosus, occasionally accompany TA [63]. 

TA in the setting of an L-loop left ventricle is quite different 
anatomically and physiologically [53]. Here, because the ven¬ 
tricles are inverted, it is the left AV valve that is atretic (Fig¬ 
ure 27.12). Because there is situs solitus of the atria, TA in this 
setting causes pulmonary venous outflow obstruction. The fora¬ 
men ovale is often small, probably due to a higher pressure than 
normal in the left atrium in utero. There is usually a small cup- 
shaped indentation in the floor of the left atrium representing 
the atretic valve. The mitral valve and left ventricle are inverted 
(Figures 27.12 and 27.14) and usually somewhat larger than nor¬ 
mal, but otherwise unremarkable. The infundibulum or outlet 
chamber is left-sided and small. The great arteries are virtu¬ 
ally always transposed, with the pulmonary artery posterior and 
rightward and aligned with the left ventricle and the aorta ante¬ 
rior and leftward and aligned with the outlet chamber. Obstruc¬ 
tion of the outflow foramen produces subaortic stenosis often 
associated with aortic arch obstruction. There are occasional 
cases of complete closure of the outflow foramen causing func¬ 
tional aortic atresia. As in DIFV, when the ascending aorta is left¬ 
ward, the aortic arch runs from left-anterior to right-posterior 
despite being a left aortic arch. 

Physiology 

TA is a common mixing lesion, producing complete mixing of 
systemic and pulmonary venous blood. In TA with a D-loop 
left ventricle this occurs in the left atrium and ventricle. The 
only egress for systemic venous blood from the right atrium is 
the foramen ovale or other interatrial communication. Although 
uncommon, the foramen ovale can become restrictive, resulting 
in systemic venous hypertension, liver enlargement and ascites 



Figure 27.14 Apical 4-chamber views in two 
patients with TA are mirror images of each 
other. On the left is a D-loop or solitus left 
ventricle (LV) in a patient with TA and 
normally related great arteries {S,D,S}. The 
septal wall and outlet chamber (OC) are to the 
right and anterior so that only a left hand fits 
this LV. The deep AV groove on the right 
indicates right-sided tricuspid atresia. On the 
right is an L-loop or inverted LV with the septal 
wall and OC to the left and posterior. Only a 
right hand fits this LV. Here the deep AV sulcus 
is left-sided indicating atresia of the left AV 
valve. LA, left atrium; RA, right atrium. 
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Figure 27.15 TA with associated Ebstein anomaly, (a) The opened right atrium (left side) and atrialized right ventricle (right side) in a heart with TA 
associated with Ebstein malformation. The anatomical tricuspid valve annulus (dashed line) indicates the AV junction. The superior vena cava (SVC) and 
foramen ovale (FO) are seen in the right atrium. The smooth-walled atrialized right ventricle ends blindly at rudimentary valve leaflets (arrow), (b) The 
opened apical trabecular portion of the right ventricle (RV) and the infundibulum or outflow (Inf) which supports the pulmonary valve (PV). There is no 
communication between the atrialized right ventricle and the apical trabecular segment. A small outflow foramen (OF) connects the infundibulum with 
the left ventricle. 


[64]. Mitral regurgitation increases left ventricular volume over¬ 
load and raises the pressure in both atria because the right atrial 
pressure must be at least as high as left atrial pressure for blood 
to flow across the foramen ovale. The left ventricle pumps both 
systemic and pulmonary blood flow, resulting in dilation and 
eccentric hypertrophy [61]. As in other common mixing lesions, 
the systemic oxygen saturation is proportional to the Qp/Qs 
ratio. In normally aligned great arteries, aortic outflow is rarely 
obstructed but pulmonary outflow often is [53]. Pulmonary 



Atrialized RV - A Base 




(a) 


obstruction can be due to restriction of the outflow foramen, 
obstruction within the infundibulum due to malalignment of 
the outflow septum or muscle bundles, or less frequently val¬ 
var stenosis. Although ductus-dependent pulmonary blood flow 
is uncommon, subpulmonary obstruction can progress rapidly 
so that intense cyanosis often supervenes within 3-6 weeks of 
birth [65]. Conversely, subaortic obstruction occurs in TA with 
transposed great arteries by the same mechanisms described ear¬ 
lier, except that valvar aortic stenosis is even less frequent than 



(b) 


Figure 27.16 Echocardiographic views in hearts with TA associated with Ebstein anomaly and partial AV canal, (a) Apical 4-chamber view in a patient 
with TA associated with Ebstein anomaly and partial AV canal (primum atrial septal defect). The smooth-walled atrialized right ventricle (RV) ends 
blindly. A large primum atrial septal defect is apparent between the right (RA) and left (LA) atria, (b) Apical 4-chamber view in a patient with TA 
associated with partial AV canal or primum atrial septal defect. The deep AV sulcus characteristic of TA is seen on the right side between the right atrium 
(RA) and the outlet chamber (OC). The primum atrial septal defect (curved double arrow) is seen between the RA and LA. LV, left ventricle. 
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Figure 27.17 The base of the left ventricle in a patient with TA, 
transposition of the great arteries {S,D,D} and a cleft mitral valve. The 
medial leaflet (ML) of the mitral valve is divided into two parts by the cleft 
(arrow). The attachments around the cleft insert onto the left ventricular 
free wall lateral to the pulmonary valve (PV) rather than onto the septum 
as in an AV canal defect. The posterior or mural leaflet (PL) of the mitral 
valve is shorter than usual and runs between the postero-medial and 
antero-lateral papillary muscle groups. A restrictive outflow foramen (OF) 
is seen in the septal wall of the left ventricle. 


valvar pulmonary stenosis. Ductus-dependent systemic circula¬ 
tion is seen in a significant proportion of patients with trans¬ 
posed great arteries. Even if the ductus has closed, a small out¬ 
flow foramen is an unstable source of systemic blood flow and, 
without intervention, is likely to lead rapidly to heart failure 
or death. Subaortic obstruction is associated with aortic arch 
hypoplasia and/or obstruction. 

In TA hearts with an L-loop left ventricle, the AV valve atre¬ 
sia is left-sided in situs solitus so that pulmonary venous egress is 
impeded. Because of the construction of the foramen ovale, flow 
from left atrium to right atrium is not favored. Consequently, left 
atrial pressure rises acutely with the rapid increase in pulmonary 
blood flow after birth. Unless treated, pulmonary edema with 
severe cyanosis and respiratory failure are likely. Otherwise, the 
physiology is similar to TA with D-loop left ventricle and trans¬ 
posed great arteries. 

Treatment strategies 

Some centers have advocated prophylactic balloon septostomy 
in TA with D-loop left ventricle to avoid restriction of the fora¬ 
men ovale, but this is not necessary in most patients [64]. The 
few patients at risk can be identified based on the size of the fora¬ 
men ovale and presence of an atrial septal aneurysm (see later) 
[64]. Conversely, creation of an atrial septal defect is essential in 
most patients with L-loop left ventricle to treat or prevent pul¬ 
monary venous hypertension [53]. Septostomy is often insuffi¬ 
cient so that creation of a defect by septal puncture and dilation 
or stent placement is generally preferred. Alternatively, a surgical 


septectomy can be performed, particularly if some other surgi¬ 
cal procedure is planned. Some patients with normally related 
great arteries have sufficient pulmonary blood flow to avoid any 
intervention until a bidirectional cavopulmonary anastomosis is 
performed at 4-6 months of age. Others undergo creation of a 
systemic-pulmonary shunt in the first weeks of life for progres¬ 
sive cyanosis. 

Systemic outflow obstruction in TA with transposed great 
arteries is usually treated by amalgamation of the aorta and pul¬ 
monary artery with placement of a systemic-pulmonary shunt 
[66]. Enlargement of the outflow foramen is an alternative 
approach but can be difficult in small infants [45,66]. Aortic arch 
reconstruction is often necessary in these patients for coarcta¬ 
tion or arch interruption. 

Occasional patients with normally related great arteries and 
unobstructed pulmonary blood flow undergo pulmonary artery 
banding to treat heart failure in preparation for a bidirectional 
cavopulmonary anastomosis [48]. 

Long-term management is staged Fontan palliation with a 
bidirectional cavopulmonary anastomosis at 4-6 months of age 
and completion of Fontan at 1-2 years [49]. 

Superior-inferior ventricles and criss-cross 
heart 

SIV hearts are those in which the two ventricles are stacked one 
on top of the other, rather than side-by-side, and the ventricu¬ 
lar septum is horizontal (Figures 27.19-27.22; Videos 27.11 and 
27.12). In criss-cross hearts the axes of the AV valves cross each 
other rather than being approximately parallel. These complex 
hearts challenge current understanding of heart development as 
well as diagnostic and therapeutic approaches. Superior-inferior 
ventricles are often but not uniformly associated with criss-cross 
AV valves; either can occur independently of the other. Although 
two ventricles are virtually always present, the right ventricle 
and tricuspid valve are often too small to permit a two-ventricle 
repair. 

Embryologic development 

The mechanism for abnormal superior-inferior placement of the 
ventricles and that for crossing of the ventricular inflows are 
likely to be related but separate, and at least partially indepen¬ 
dent. Horizontal formation of the ventricular septum, with a 
superior right ventricle and inferior left ventricle, could be due 
to incomplete looping [25]. Interruption of looping after forma¬ 
tion of the “C” loop but before completion of the “S” loop, would 
result in variable failure of caudal and ventral descent of the out¬ 
flow limb of the heart tube. The outflow remains cranial to the 
developing left ventricle rather than descending to lie beside it. 
As the right ventricular sinus balloons out of the proximal out¬ 
flow, it is cranial or superior to the left ventricle, rather than to 
the right or left of it, and the interventricular septum is horizon¬ 
tal. The ventricles can be either D-loop (solitus or right-handed) 
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Figure 27.18 A heart with TA, transposition of the great arteries {S,D,D} with a severely restrictive outflow foramen (OF) and coarctation of the aorta 
(Coarct). (a) Opened left ventricle showing the pulmonary valve (PV) in fibrous continuity with the mitral valve (MV) and a small outflow foramen (OF) 
in the septal wall, (b) The opened outlet chamber and ascending aorta (Ao). The small OF is seen below the aortic valve. The outlet chamber extends 
interiorly to the diaphragmatic surface of the heart suggesting that some right ventricular sinus might be present. The obstructed OF was treated by 
creation of an anastomosis between the pulmonary trunk and the ascending aorta (A-P Anast). There is marked narrowing of the aortic isthmus (Coarct) 
creating coarctation of the aorta, (c) An echocardiogram in a high parasternal view in a similar patient showing severe coarctation of the aorta distal to the 
left subclavian artery (LSCA). A large ductus arteriosus (DA) continues from the pulmonary trunk to the descending aorta (DAo). LCCA, left common 
carotid artery. 


or L-loop (inverted or left-handed) so “S” looping can begin in 
either direction before arresting. 

The mechanism for crossing of the axes of the AV valves seems 
to be real or apparent twisting or axial rotation of the ventricles 
while the atria and AV valves remain relatively fixed. A mech¬ 
anism for twisting of the ventricles is unknown and the timing 
of this process is unclear but seems likely to be near the end of 
or even after completion of looping. Clockwise twisting of the 
ventricles in a D-loop (and counterclockwise twisting in an L- 
loop), as viewed from the apex, would explain both the crossing 
of the AV valves and the large angle observed between the atrial 
and ventricular septa [67]. Usually the septa are nearly parallel 


with an angle of <10° between them. In criss-cross hearts, how¬ 
ever, the angle can be as large 150°. Twisting of the ventricles 
with fixed atria and distal outflow also explains the curved elon¬ 
gation of the inflow and outflow tracts often observed in these 
hearts. 

Hypoplasia of the tricuspid valve and right ventricle, seen in 
many cases of SIV and criss-cross heart, could be due to entrap¬ 
ment of the right side of the AV canal between the ventricular 
and atrial septa, limiting its capacity for expansion. More rota¬ 
tion of the ventricular septum would lead to a smaller tricuspid 
valve and right ventricular sinus. This concept is supported by 
the inverse relationship between the crossing angle of the AV 






528 PartV Miscellaneous Cardiovascular Lesions 



(0 


Figure 27.19 A heart with SIV and transposition of the great arteries {S,L,D}. (a) The aorta (Ao) is to the right and the pulmonary artery (PA) to the left, 
(b) The opened superior right ventricle showing the tricuspid valve (TV) entering from the left and the Ao exiting to the right. The large ventricular septal 
defect (VSD) is in the plane of the ventricular septum. This inverted or L-loop right ventricle is organized from left (inflow) to right (outflow) and can only 
be described using a left hand (lower left), (c) Opened left ventricle showing the mitral valve (MV) and pulmonary valve (PV). 


valves, an indirect measure of twisting or rotation of the ven¬ 
tricles, and the size of the tricuspid valve and right ventricular 
sinus seen in infants with this condition [68]. However, it is not 
known if hypoplasia of the tricuspid valve and right ventricular 
sinus is primary, leading to abnormal placement of the ventricu¬ 
lar septum, or secondary, resulting from the unusual location of 
the ventricular septum. The high prevalence of dextrocardia and 
mesocardia in patients with SIV and criss-cross heart is likely 
related to failure to complete the looping process and/or reduced 
growth capacity of the right ventricle [25]. 

The markedly abnormal outflow in these hearts is potentially 
explained by abnormal rotation of the outflow, as seen in many 
other types of abnormal VA alignment [32]. However, VA situs 
discordance frequently seen in these hearts (D-loop ventricles 
with L-malposition of the aorta or vice versa, see later) could 
also result from a rotation or twist of the ventricles that “pulls the 


outflow along.” Rotation of the outflow along with the ventricles 
would have the effect of inverting the great arteries. 

Anatomy 

As indicated by the discussion of possible developmental mech¬ 
anisms, the anatomy of SIV and criss-cross heart is complex 
and variable. In about half of cases these two anomalies occur 
together. Because of the abnormal position and shape of the ven¬ 
tricles in these hearts, use of the hand rule to establish chirality 
or topology is especially important [43]. 

In considering complex hearts like these, a brief review of seg¬ 
mental situs and alignments provides important background. In 
the majority of hearts the atria are either solitus (usual arrange¬ 
ment with the right atrium anterior and to the right and the left 
atrium posterior and to the left) or inversus (the mirror image 
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Figure 27.20 A heart with SIV, dextrocardia, transposition of the great arteries {S,D,L}, and straddling mitral valve, (a) The aorta (Ao) is to the left of the 
pulmonary artery (PA). The right atrial appendage (RAA) is to the right of the vascular pedicle, (b) The opened superior right ventricle, composed of the 
small right ventricular sinus (RV sinus) and larger infundibulum (Inf). The hypoplastic tricuspid valve (TV) enters the RV sinus. A part of the straddling 
mitral valve (MV) enters the Inf, which also supports the large aortic valve (Ao). A right hand (upper left) is required to describe this right ventricle, with 
the thumb into the TV, the fingers in the Ao, and the palm against the septum, the wall through which the MV straddles. The bizarre appearance of the 
right ventricle is due to marked clockwise rotation of the ventricles. About 150° of counterclockwise rotation of the image results in a much more usual 
orientation of the right ventricle, (c) The left atrium (LA) and inferior left ventricle (LV) which makes up the rightward apex of the heart. 


of solitus). (We will ignore hearts with ambiguous situs or het- 
erotaxy syndrome because they occur infrequently in this set¬ 
ting and are described in Chapter 28.) Similarly, the arrange¬ 
ment of the ventricles is generally either D-loop (solitus or 
right-hand topology) or L-loop (inverted or left-hand topol¬ 
ogy). Finally, in the arterial segment the aorta is either to the 
right or to the left of the pulmonary artery (and sometimes 
anterior). There is typically concordance or harmony between 
the atrial situs, the loop or situs of the ventricles, and the situs 
or position of the great arteries. When the atrial situs is soli¬ 
tus, there are usually D-loop ventricles and the aorta is usu¬ 
ally to the right, either solitus normally related great arter¬ 
ies or some type of D-malposition of the great arteries. Con¬ 
versely in situs inversus there are usually L-loop ventricles and 


the aorta is usually leftward, inversus normally related great 
arteries or an L-malposition of the great arteries. In SIV and 
criss-cross hearts, one frequently sees segmental situs discor¬ 
dance or disharmony [69]. Review of a number of case series 
[67,68,70-74] shows that most of these hearts (>90%) occur 
with situs solitus of the atria and relatively normal systemic and 
pulmonary venous anatomy About 75% have D-loop ventricles 
and about 25% have L-loop ventricles. Consequently, AV situs 
concordance occurs in about three-quarters and discordance in 
about one quarter of cases (Figures 27.21 and 27.22). Conversely 
in about 75% of cases, D-loop ventricles are associated with L- 
malposition of the aorta and vice versa (Figures 27.21 and 27.22). 
So AV situs discordance is frequent while VA situs discordance is 
the rule. 
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Figure 27.21 A series of echocardiographic views of a patient with SIV, criss-cross, and transposition of the great arteries {S,D,L}. (a) Subxiphoid 
long-axis views through the mitral (left) and tricuspid (right) valves. The left atrium (LA) is aligned with the left ventricle (LV) and the right atrium (RA) 
with the right ventricle (RV) - concordant AV alignments. The arrows indicate the axes of the AV valves which cross at nearly 90°. The tricuspid valve is 
superior and anterior, running from right to left while the mitral valve is inferior and posterior running posterior to anterior. The ventricles are D-loop or 
solitus even though the LV extends to the right of the RV. Only a right hand (bottom right) can describe the right ventricle with the thumb in the tricuspid 
valve, the fingers in the outflow and the palm against the septum, (b) Subxiphoid short-axis views through the base of the ventricles (left) and at mid 
ventricular level (right). The superior and anterior position of the small tricuspid valve (TV) in the right ventricle is again apparent. The pulmonary valve 
(PV) is aligned with the left ventricle (LV). The superior-inferior arrangement of the ventricles and the horizontal orientation of the ventricular septum 
(parallel to the diaphragm) are apparent, (c) A more anterior subxiphoid long-axis cut showing the outflow. The small infundibular septum (a) is seen 
between the aortic and pulmonary valves. The conoventricular defect is between the conal or infundibular septum and the muscular septum. 


Further, some of these hearts are characterized by discrepancy 
or disharmony between segmental situs and segmental align¬ 
ments [69,74,75]. In the vast majority of hearts, when there is 
situs solitus of the atria and D-loop ventricles, or situs inversus 
and L-loop ventricles, the right atrium is aligned with (drains 
into) the right ventricle and the left atrium is aligned with the left 
ventricle. The situs of the segments correctly predicts the align¬ 
ments. There is said to be concordance or harmony between 
situs and alignments. It is mostly in SIV and criss-cross hearts 
where one sees discordance or disharmony between situs and 
alignment: a solitus right atrium aligned with a D-loop left 


ventricle and a solitus left atrium aligned with a D-loop right 
ventricle (and the converse). Especially in these hearts one can¬ 
not assume that situs correctly predicts alignments; one must 
specifically elucidate and record both. Virtually all of the hearts 
with situs-alignment discordance that have been reported also 
have right juxtaposition of the atrial appendages [75]. 

The tricuspid valve is usually smaller than normal (Fig¬ 
ure 27.21) and often severely hypoplastic [68,70]. The mitral 
valve is typically normal or large in size. In criss-cross hearts 
the tricuspid valve is anterior and oriented from right to left 
in D-loop ventricles (Figures 27.20 and 27.21) and from left to 
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Figure 27.22 Subxiphoid long-axis views in a 
patient with SIV, criss-cross, and double-outlet 
right ventricle {S,L,D}. On the left is an inferior 
cut showing the right atrium (RA) aligned with 
the inferior left ventricle (LV) - AV 
discordance. The mitral valve (MV) is seen in 
long axis while the tricuspid valve (TV) is seen 
in cross-section, indicating that the valves cross 
at approximately 90°. The pulmonary artery 
(PA) is aligned with the right ventricle. The 
inverted or L-loop right ventricle can only be 
described using a left hand (lower left) with the 
thumb in the TV (into the plane of the image), 
the fingers in the PA, and the palm against the 
ventricular septum. A more superior and 
anterior cut (right panel) shows the aorta (Ao) 
also aligned with the right ventricle. 



right in L-loop ventricles (Figures 27.19 and 27.22). The mitral 
valve is posterior and inferior to the tricuspid valve and is ori¬ 
ented from left-posterior to right-anterior in D-loop ventri¬ 
cles (Figure 27.21) and from right-posterior to left-anterior in 
L-loops (Figure 27.22). The crossing angle between the valves 
varies from 20-100° [68] and is inversely proportional to the 
size of the right ventricular sinus. In one type of criss-cross 
heart the mitral valve straddles into the infundibulum [67] (Fig¬ 
ure 27.20). The right ventricular sinus is usually hypoplastic 
while the infundibulum is larger than normal, especially with 
a straddling mitral valve [68] (Figure 27.20). Criss-cross hearts 
with straddling mitral valve are associated with a larger angle 
between the atrial and ventricular septa indicating more appar¬ 
ent rotation of the ventricles with respect to the atria [67]. 

In virtually all hearts with SIV, and in most criss-cross hearts, 
the right ventricle is superior and the left ventricle inferior, but 
there is at least one published exception [76]. In D-loop ventri¬ 
cles the inferior left ventricle often extends to the right of the 
small, superior right ventricle giving the impression of inverted 
ventricles (Figure 27.21a). In fact, this characteristic of these 
hearts led Van Praagh and colleagues to emphasize the internal 
organization of the ventricles (chirality or topology) rather than 
spatial position as an indicator of ventricular loop or situs [43]. 

Although SIV and criss-cross hearts have been reported with 
an intact ventricular septum [77], most have one or more ven¬ 
tricular septal defects. The defect is often between the outlet or 
infundibular septum above and the muscular ventricular sep¬ 
tum below (conoventricular) (Figure 27.21c). The outlet septum 
is often malaligned or deviated out of the plane of the muscular 
septum, most often producing or contributing to subpulmonary 
stenosis. Other types of defects, including membranous and AV 
canal type, have been reported as well. 


Occasional patients have normally related great arteries (or 
nearly so) [78] but the great majority has either transposi¬ 
tion (VA discordance) or double-outlet right ventricle. In most 
the pulmonary valve is posterior to the tricuspid valve (Fig¬ 
ure 27.21b) and there is little or no subpulmonary infundibu¬ 
lar muscle, leaving the pulmonary valve in continuity or near 
continuity with the AV valves. Proximity of the infundibular 
or outlet septum to the tricuspid valve is an important mech¬ 
anism for subpulmonary stenosis. The aorta is usually large and 
unobstructed although there are occasional cases with subaortic 
stenosis and aortic arch obstruction [70]. 

Treatment strategies 

The majority of these complex hearts are candidates for staged 
Fontan palliation [79,80] although most of those with an ade¬ 
quate right ventricle and tricuspid valve are candidates for a 
two-ventricle repair [81,82] or palliation [83]. Initial pallia¬ 
tion often consists in a systemic-pulmonary shunt because of 
the prevalence of severe pulmonary stenosis. Some with less 
severe pulmonary stenosis can proceed directly to a bidirectional 
cavopulmonary anastomosis. Rare patients benefit from pul¬ 
monary artery banding because of pulmonary overcirculation. 
Completion of the Fontan is usually carried out by 1-2 years 
of age. 

Imaging of hearts with functionally one 
ventricle 

The initial exam is typically in utero (see Chapter 42) or in the 
neonatal period. Multiplane imaging is essential for a complete 
and accurate diagnosis. Subxiphoid views provide an excellent 
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Figure 27.23 An apical 4-chamber (left panel) 
and a parasternal short-axis (right panel) view 
in a patient with TA and normally related great 
arteries {S,D,S}. Orthogonal dimensions 
(double-headed arrows) of the outflow foramen 
can be obtained in these views: apex-base 
dimension in apical 4-chamber and left-right 
dimension in parasternal short-axis view. LA, 
left atrium; LV, left ventricle; OC, outlet 
chamber; RA, right atrium. 


overview of the heart, facilitating diagnosis of situs, alignments, 
and connections. In addition, these views afford excellent images 
of the veins, atria, atrial septum, AV valves and ventricle(s). The 
position of the ventricles in SIV and the crossing of the AV valves 
in criss-cross heart are also best appreciated from subxiphoid 
views [68,72] (Figures 27.21 and 27.22). Apical views are use¬ 
ful for examining and measuring the AV valves and can provide 
an apex-base dimension of the outflow foramen or ventricular 
septal defect (Figures 27.2a, 27.6, 27.14, and 27.23). Parasternal 
views provide a dimension of the AV valves orthogonal to that 
obtained from the apical views. The diameter of the semilunar 
valves, ascending aorta, and pulmonary trunk can be obtained 
from the parasternal long-axis and the valve morphology from 
the short-axis view. The parasternal long-axis is another view 
for obtaining an apex-base dimension of the outflow foramen 
or ventricular septal defect and the parasternal short-axis view 
provides the orthogonal dimension. The parasternal short-axis 
also shows the coronary artery anatomy. Suprasternal and high 
parasternal views show the aortic arch, isthmus, branch pul¬ 
monary arteries, and ductus arteriosus. 

Color flow mapping and pulsed (PW) and continuous-wave 
(CW) Doppler are used to define the physiology. Subxiphoid 
and parasternal short-axis views show an interatrial communi¬ 
cation as well as the communication(s) between the left ventri¬ 
cle and outlet chamber (Figure 27.24). Semilunar roots are often 
seen well in subxiphoid long- or short-axis views and these views 
usually afford a low-angle approach for spectral Doppler as well 
(Figure 27.25). Apical views allow interrogation of the AV valves 
and the semilunar root arising from the LV chamber. Paraster¬ 
nal long-axis views usually provide the best angle for assess¬ 
ing the gradient between the left ventricle and outlet chamber 
or across a ventricular septal defect in SIV (Figure 27.26). The 


function of the semilunar valves can be assessed in this view as 
well. High parasternal and suprasternal views provide the best 
vantage points for color and spectral Doppler exam of the branch 
pulmonary arteries, the aortic arch and the ductus arteriosus. 
Suprasternal axial or coronal views also show the pulmonary 
veins and allow Doppler interrogation. 

The short-axis dimensions of the left ventricle and wall thick¬ 
ness can be measured from M-mode echo tracings. In the 
absence of regional wall motion abnormalities or unusual shape 
of the ventricle, function can be assessed using shortening frac¬ 
tion. The relationship between velocity of shortening and end- 
systolic wall stress has been used as a measure of contractil¬ 
ity [84]. This technology is not useful for a functionally single 
right ventricle or an unusually shaped left ventricle or one with 
regional wall motion abnormalities. Ventricular volume and 
ejection fraction can be calculated using 2D echo views (Chap¬ 
ter 7), but the validity of these measures is unclear [85]. Recently, 
3D echocardiography has been compared with magnetic res¬ 
onance imaging (MRI) for estimation of volume and ejection 
fraction in patients with functionally single ventricle [86,87]. 
While size and function measures were highly correlated, 3D 
echocardiography produced lower (~ 10%) end-diastolic volume 
and ejection fraction estimates. 

Systolic function can also be evaluated using myocardial 
velocity [88,89] and strain and strain-rate imaging [90,91]. Most 
experience has been in functionally single right ventricle associ¬ 
ated with hypoplastic left heart syndrome [92,93]. Correlation 
between some of these functional measures, especially myocar¬ 
dial velocity measures, and other established function parame¬ 
ters has been poor in some reports [94]. These measures may 
be useful for serial evaluation although the meaning of a single 
measurement is unclear. 
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Figure 27.24 Parasternal short-axis view and 
color flow map in a patient with TA and 
normally related great arteries {S,D,S}. There 
are two communications (arrows) between the 
left ventricle and outlet chamber (OC). The 
color flow map shows unrestricted flow 
through the defects. LA, left atrium; LVOT, left 
ventricular outflow tract. 



Dyssynchrony appears to be prevalent in hearts with func¬ 
tionally one ventricle [91,95] and is associated with systolic dys¬ 
function and measures of myocardial fibrosis. Dyssynchrony is 
readily detectable by speckle deformation and 3D volumetric 
imaging and could have important implications for therapy (Fig¬ 
ure 27.27). Although experience with resynchronization therapy 
is extremely limited in patients with functionally one ventricle, 
some patients appear to have benefited [96]. 

Diastolic function can be evaluated using blood-pool or 
myocardial velocity, but again the meaning of these measures is 
uncertain (Chapter 8). 

The initial exam should specifically address the following 
points: 

1 Systemic and pulmonary venous connections - DILV and 
DIRV are occasionally associated with heterotaxy syndrome 
(Chapter 28). TA is often associated with persistent left supe¬ 
rior vena cava. 

2 Condition of the atrial septum - this can affect mixing and 
venous pressure and is particularly important in TA. Fac¬ 
tors that predispose to restriction of the atrial communica¬ 
tion in TA are presence of an aneurysm of septum primum 
(Figure 27.28) or a maximum diameter of the foramen ovale 
<5 mm [64]. Juxtaposition of the atrial appendages, seen in 
up to 10% of patients with TA and some patients with SIV, 
is usually associated with a large atrial communication (Fig¬ 
ures 27.11c, 27.1 Id, and 27.29). The foramen ovale or atrial 
septal defect should be measured in two planes and the mean 
gradient estimated by spectral Doppler guided by a color 
flow map. 

3 AV valve anatomy and function - each valve annulus 
should be measured in orthogonal dimensions, any gradient 


recorded, and regurgitation graded (Chapter 6). The mean 
valve gradient can be measured from spectral Doppler trac¬ 
ings recorded in an apical or subxiphoid view. Color flow 
mapping in apical or parasternal views is useful for measur¬ 
ing the diameter of a regurgitant jet or for estimating the size 
of the flow jet (Chapter 6). 

4 Number, location, size of, and gradient through commu¬ 
nications between the left ventricle and the outlet cham¬ 
ber (DILV, TA) or across a ventricular septal defect (SIV, 
criss-cross) (Figures 27.24 and 27.26). The area of the out¬ 
flow foramen in DILV and TA with TGA can be calculated 
from orthogonal dimensions using the formula for an ellipse 
[42] and is predictive of obstruction. Patients with an out¬ 
flow foramen area index <2 cm 2 /m 2 in the first months of 
life are at high risk for developing obstruction early The 
gradient can be estimated using spectral Doppler guided 
by a color flow map in parasternal or subxiphoid views 
(Figure 27.26). 

5 Outflow anatomy and gradient - particularly in DIRV. Spec¬ 
tral Doppler guided by a color flow map is used to estimate 
the pressure gradient across the outflow using subxiphoid or 
apical views. 

6 Semilunar valve diameter, anatomy and function. Paraster¬ 
nal long-and short-axis views are best for size and anatomy 
Color flow in parasternal views allows measurement of the 
diameter or area of a regurgitant jet (Chapter 6). 

7 Aortic arch anatomy dimensions and gradient. Patients with 
systemic ventricular outflow stenosis are at most risk for 
aortic arch obstruction. The orientation of the arch is often 
unusual in patients with a leftward (L-malposed) aorta. 
A left arch is often directed from left anterior to right 
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Figure 27.25 TA and transposition of the great arteries {S,D,D}. (a) Subxiphoid short-axis view (left) and color flow map (right) in a patient with TA and 
transposition of the great arteries {S,D,D}. This view affords excellent alignment of the ultrasound beam with the arterial outflows for Doppler 
interrogation. Despite posterior deviation of the infundibular or outflow septum (a), there is no flow disturbance in the pulmonary artery (PA). Similarly, 
the outflow foramen appears unobstructed, (b) Alignment of the spectral Doppler cursor. The spectral Doppler recording (right) allows estimation of the 
pressure gradient across the outflow. Ao, aorta; LA, left atrium; LV, left ventricle; OC, outlet chamber; RA, right atrium. 
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Figure 27.26 Parasternal long-axis view (left) 
in a patient with TA and normally related great 
arteries {S,D,S}. The outflow foramen (double 
arrow) is restrictive causing subpulmonary 
stenosis. The color flow map (upper right) 
facilitates proper alignment of the spectral 
Doppler cursor with the flow jet through the 
outflow foramen for estimation of the pressure 
gradient (lower right). Ao, aorta; LA, left 
atrium; LV, left ventricle; OC, outlet chamber. 

posterior and the rare right aortic arch can be in an almost suprasternal views with varying amounts of rotation to find 

coronal plane. Coarctation is an anatomical diagnosis in the plane of the branch arteries. 

infants with an open ductus arteriosus (Figure 27.18c). 9 Status of the ductus arteriosus and transductal gradient if 

Absence of a gradient is not helpful in excluding coarctation. patent. The ductus view usually allows estimation of the gra- 

Diastolic anterograde flow across the isthmus can be a sign of dient using color-guided spectral Doppler (Figure 27.30). 
coarctation but diastolic left-to-right flow across the ductus 10 Ventricular size, wall thickness, and systolic and diastolic 
can produce the same finding. function. 

8 Branch pulmonary artery anatomy, dimensions and gradi- Coronary artery anatomy is rarely important in these patients, 

ent. These data are usually available from parasternal or although readily available from parasternal views if of interest. 




Percentage of cardiac cycle Percentage of cardiac cycle 


Figure 27.27 Regional left ventricular function analysis performed using semi-automated volume measurement from a 3D echocardiogram recorded from 
an apical view and divided into 16 segments. Synchronous regional function in a normal heart is shown in the left panel. Marked dyssynchrony, indicated 
by marked variation in the extent and timing of shortening, is seen in a patient with TA following a Fontan operation (right panel). Source: Ho P-K, et al. 
2012 [95]. Reproduced with permission of Elsevier. 
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Figure 27.28 TA and normally related great arteries {S,D,S}. (a) Subxiphoid long-axis view in a patient with TA and normally related great arteries 
{S,D,S}. There is an aneurysm of septum primum (arrows) bulging into the left atrium, a risk factor of restriction of the foramen ovale [64]. (b) Opened 
left atrium (LA) and left ventricle (LV) in a heart with an aneurysm of septum primum (*) bulging toward the mitral valve. RA, right atrium. 


It could be important if a palliative arterial switch operation is 
being considered [97]. 

Subsequent exams should re-address many of these points 
including status of the interatrial communication, AV valve 
function, size of and gradient across the outflow foramen, 
semilunar valve function, arch anatomy and gradient, and ven¬ 
tricular size and function. 

If a pulmonary artery band has been applied, the band should 
be imaged in parasternal long-and short-axis views to measure 
the diameter, evaluate pulmonary valve function and assess the 
effect of the band on the branch pulmonary arteries. A gradient 
across the band should be measured from a parasternal, apical or 



Figure 27.29 Parasternal short-axis view in a patient with TA, 
transpositions of the great arteries {S,D,D}, and left juxtaposition of the 
right atrial appendage (RAA). The juxtaposed RAA is seen as a leftward 
tubular extension of the right atrium (RA) behind the pulmonary artery 
(PA), the posterior arterial root. 


subxiphoid projection (Figure 27.31). In the absence of systemic 
outflow obstruction, the pulmonary artery systolic pressure is 
the difference between the trans-band gradient and systemic sys¬ 
tolic blood pressure. Patients with DILV or TA and TGA are at 
risk for development of systemic outflow obstruction following 
placement of a pulmonary artery band [48]. Careful evaluation 
of the outflow foramen and outlet chamber is especially impor¬ 
tant in these patients. 

A systemic-to-pulmonary shunt can be imaged and evaluated 
with color flow mapping in a suprasternal or high parasternal 
view (Video 27.13). The color flow map can be used to position 
the cursor for spectral Doppler. Systolic blood pressure minus 
the peak gradient across the shunt provides an upper limit esti¬ 
mate for systolic pulmonary artery pressure. Branch pulmonary 
arteries should be imaged carefully seeking stenosis or distor¬ 
tion due to the shunt, or spontaneous closure of the ductus 
arteriosus. 

Many patients can undergo a bidirectional cavopulmonary 
anastomosis on the basis of comprehensive echocardiography 
(see earlier). Criteria for selecting patients for catheterization 
have been published [98]. Patients who have undergone a com¬ 
plete echo evaluation, including assessment of ventricular func¬ 
tion, AV valve regurgitation, the atrial septum, the aortic arch 
(both ascending and descending), proximal branch pulmonary 
arteries, and pulmonary venous pathways (70% in this study) 
and in whom no abnormalities likely to prompt catheter inter¬ 
vention were discovered appear to be unlikely to benefit from 
catheterization. Judicious use of MRI for evaluation of the 
branch pulmonary arteries and reconstructed aorta - the two 
areas most likely to be inadequately imaged by echocardiogra¬ 
phy - could further reduce the need for diagnostic catheteri¬ 
zation. However, echocardiography does not appear to be ade¬ 
quate in most patients prior to undertaking a Fontan procedure 
[99,100], largely because of its limited ability to image branch 
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Figure 27.30 High left parasternal (ductus cut) 
view with color flow map in a patient with TA 
and normally related great arteries {S,D,S} 
illustrating flow through a ductus arteriosus 
(DA) from the descending aorta (DAo) to the 
pulmonary artery (PA). Spectral Doppler 
(right) is useful for estimation of the pressure 
gradient across the DA. 

pulmonary arteries and the aortic arch. Additional study using 
MRI appears to suffice in a subset of patients but many seem 
to benefit from catheterization [101]. One apparent, but con¬ 
troversial, indication for interventional catheterization in these 
patients is the presence of significant aorto-pulmonary collateral 
vessels. 

Echocardiography is the mainstay of long-term follow-up of 
patients with functionally single ventricle following Fontan pal¬ 
liation. Imaging in postoperative Fontan patients is further dis¬ 
cussed in Chapter 28. 


Videos 

To access the videos and explanatory audio comments for this 
chapter, please go to www.lai-echo.com. 

Video 27.1 Subxiphoid long-axis scan in DILV and TGA {S,L,L}. 

Video 27.2 Parasternal short-axis scan in DILV and TGA {S,L,L}. 

Video 27.3 Subxiphoid color map showing outflow tract evaluation 
in DILV and TGA {S,L,L}. 


Figure 27.31 Parasternal short-axis view (left) 
and color flow map (right) of a patient with TA 
and normally related great arteries {S,D,S} 
after banding of the pulmonary artery. The 
pulmonary artery band (PAB) is seen just distal 
to the pulmonary valve. The color flow map 
shows flow disturbance through the band. 
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Video 27.4 Subxiphoid long-axis scan in DILV and TGA {S,D,D}. 

Video 27.5 Parasternal short-axis scan in DILV with normally 
related great arteries {S,D,S}. 

Video 27.6 Subxiphoid scan in DIRV and DORV {S,X,D}. 

Video 27.7 Subxiphoid long-axis scan in TA with normally related 
great arteries {S,D,S}. 

Video 27.8 Subxiphoid color map in TA with normally related great 
arteries {S,D,S}. 

Video 27.9 Subxiphoid long-axis scan in TA with TGA {S,D,D}. 

Video 27.10 Apical scan in TA with TGA {S,L,L}. 

Video 27.11 Subxiphoid long-axis scan in SIV with criss-cross and 
TGA {S,D,L}. 

Video 27.12 Subxiphoid short-axis scan in SIV with criss-cross and 
TGA {S,D,L}. 

Video 27.13 Suprasternal color map showing a right modified 
Blalock-Taussig shunt. 
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Introduction 

For the majority of patients with different types of function¬ 
ally univentricular hearts, the treatment goal is to achieve pallia¬ 
tion through the creation of a total cavopulmonary anastomotic 
connection known as the Fontan operation [1]. This operation 
essentially bypasses the right heart by directing the systemic 
venous return into the pulmonary circulation without passing 
through a ventricular chamber. The Fontan operation causes a 
unique type of circulation, which requires a specific echocardio¬ 
graphic approach. In the current chapter we will first review the 
specific physiologic characteristics of a Fontan circulation fol¬ 
lowed by a discussion of the echocardiographic evaluation. 

The Fontan circulation 

A variety of cardiac malformations are characterized by the pres¬ 
ence of a hypoplastic ventricle that is too small to sustain one 
of the circulations resulting in a functionally single ventricular 
(FSV) heart that has to support both circulations. During fetal 
life and immediately after birth the systemic and the pulmonary 
circulations in a FSV are connected in parallel with one ventric¬ 
ular chamber pumping to both circulations usually by way of 
the patent ductus arteriosus (Figures 28.1a,b). In the pre-Fontan 
era, these patients were palliated by an aortopulmonary artery 
shunt (e.g., Blalock-Taussig shunt) or pulmonary artery band¬ 
ing (both outflows unobstructed) which resulted in persistence 
of the parallel circuit. This palliation caused persistent arte¬ 
rial desaturation and chronic volume loading of the FSV. These 
procedures contributed to progressive ventricular dysfunction, 
leading to FSV failure, congestive heart failure and death with 
few survivors beyond the fourth decade. In 1971, Francis Fontan 
reported on a new surgical approach [ 1 ], separating the systemic 


and pulmonary circulations and redirecting the systemic venous 
blood directly to the pulmonary circulation. In the Fontan cir¬ 
culation, mixing of the circulations is avoided and the post¬ 
capillary energy and systemic venous pressure are used as the 
driving forces to push the blood through the pulmonary circu¬ 
lation (Figure 28.1c) [2]. Advantages of a Fontan circuit include 
separation of both circulations with normalization of the arte¬ 
rial saturation, and abolishment of chronic ventricular volume 
loading. The primary disadvantage is the resultant elevated sys¬ 
temic venous pressure and passive flow through the pulmonary 
vascular bed which causes chronic systemic venous hyperten¬ 
sion, reduced cardiac output and a limited reserve during exer¬ 
cise (Figure 28.2). 

By creating a cavopulmonary connection, a new portal sys¬ 
tem is created. In a portal system a capillary bed pools blood into 
another capillary bed through veins without passing through the 
heart. This is most typically seen in the normal gastrointestinal 
system where the superior mesenteric vein and splenic vein are 
connected via the portal vein to the hepatic veins. The Fontan 
portal system pools the systemic venous blood in the pulmonary 
circulation and limits the pulmonary venous return to the heart 
due to different static resistances and dynamic impedances in 
the circuit. The optimal Fontan circuit requires unobstructed 
Fontan connections, good-sized branch pulmonary arteries 
without stenosis, low pulmonary vascular resistance, and unob¬ 
structed pulmonary venous connection to the atrium and low 
atrial pressures. Atrial pressures are influenced by atrioven¬ 
tricular valve function and by FSV diastolic function. Good 
systolic FSV function is required to generate sufficient sys¬ 
temic output; chronic volume load (residual shunts, atrioven¬ 
tricular valve regurgitation, aortic regurgitation) and/or pres¬ 
sure load (outflow tract obstruction, residual coarctation of the 
aorta), even if mild can be very detrimental in patients with this 
physiology. 
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Figure 28.1 Schematic representation of (a) normal cardiovascular circulation, (b) shunted palliation, and (c) Fontan circulation, (a) The normal 
circulation: the pulmonary circulation (P) is connected in series with the systemic circulation (S). The right ventricle (RV) is more compliant than the left 
ventricle keeping the right atrial (RA) pressure lower than the left atrial (LA) pressure. The RV functions at lower pressure than the LV which is related to 
lower pressure and resistance in the pulmonary artery (PA), (b) Parallel circulation in a univentricular heart. The systemic (S) and pulmonary (P) circuits 
are connected in parallel with one dominant single ventricle (V) pumping blood into both circulations. There is complete admixture of systemic and 
pulmonary venous blood, causing arterial desaturation, (c) Fontan circuit. The systemic veins (CV) are connected to the pulmonary artery (PA), without a 
subpulmonary ventricle or systemic atrium: the lungs are hereby converted into a portal system which limits flow to the ventricle. In the absence of a 
fenestration, there is no admixture of systemic and pulmonary venous blood, but the systemic venous pressures are generally elevated. Ao, aorta; CV, caval 
veins; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RV, right ventricle; V, single ventricle. Line thickness reflects output, color reflects oxygen 
saturation. 


The functional single ventricle in a Fontan 
circulation 

Ventricular dimensions and wall thickness 

Figure 28.3 demonstrates the evolution of the FSV volume load¬ 
ing from fetal life until after completion of the Fontan circuit. 
During fetal life, the dominant ventricle is responsible for the 


combined output of the systemic and pulmonary circulations. 
This causes prenatal eccentric remodeling resulting in enlarged 
chamber dimensions in the single ventricle at birth [3]. After the 
initial neonatal palliation, (generally an aortopulmonary artery 
shunt or a pulmonary artery band), the parallel circulations 
cause a persistent, chronic volume load. The bidirectional Glenn 
shunt (a superior cavopulmonary anastomosis where only the 
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Figure 28.2 Cardiac output during exercise output: normal versus Fontan 
circulation. A normal subject with a biventricular circuit can increase 
output five times compared to baseline (black line). In Fontan patients 
output this is significantly impaired both at rest and during exercise. In 
optimal Fontan patients (green line) the output is mildly decreased at rest, 
with a moderately reduced capacity to increase cardiac output during 
exercise. This limits exercise capacity in almost all Fontan patients. In 
failing Fontan patients (red line), the output is significantly reduced at rest 
with very limited increase during exercise. 



Figure 28.3 Effect of different pre-Fontan palliative strategies on volume 
loading. A: We assume a normal ventricle in a biventricular circulation 
functions on average at 100% of normal. Prior to birth the dominant single 
ventricle remodels and its size adjusts to the chronic volume loading. The 
patient with a UVH generally is born with an appropriate ventricular size 
adjusted for chronic volume load. Prior to the 1990s (B, red line), the 
volume loading to the ventricle was augmented shortly after birth by a 
shunt procedure to ±150%. The patient slowly outgrows his shunt, and 
adapts his ventricle, thereby gradually reducing the volume overload to 
±100% for its size. A second shunt was created, augmenting the volume 
overload again to 150%. As this patient again outgrows his shunt, a Fontan 
circuit is made, acutely reducing the volume load to around 25% of the 
preload it was exposed to prior to the procedure. This sudden preload 
reduction was often poorly tolerated hemodynamically. This resulted in 
changes in management strategy. After the 1990s (C, green line), a small 
neonatal shunt was created for a short time (generally 6 months); the 
patient slowly outgrows the shunt; the ventricle is progressively volume 
unloaded in two separate steps: first, at the time of the bidirectional Glenn 
shunt, and a second time, at the time of the Fontan operation. This stepwise 
approach is generally hemo dynamically better tolerated. 


superior vena cava is connected to the pulmonary artery and 
the inferior vena cava remains connected to the right atrium) 
is generally performed at 4 to 8 months of age to address this 
issue. After this procedure, the chronic volume load is reduced. 
A recent serial follow-up study using cardiac MRI in patients 
scanned before the bidirectional Glenn and again before the 
Fontan operation, demonstrated that the bidirectional Glenn 
shunt resulted in a reduction of indexed ventricular volume with 
an increase in ejection fraction (i.e., reverse remodeling) [4]. 
Quantitative measurements by cardiac MRI have also demon¬ 
strated that flow through aortopulmonary collaterals contributes 
significantly to pulmonary blood flow and cardiac output after 
the bidirectional Glenn shunt [5]: up to one third of the car¬ 
diac output and up to 40% of the pulmonary blood flow comes 
from collateral flow. A higher burden of collateral flow adversely 
influences clinical outcomes immediately after the Fontan oper¬ 
ation [5,6]. Despite the presence of collaterals, the FSV is vol¬ 
ume unloaded after the Fontan operation due to a reduction in 
pulmonary venous return (with a reduced preload reserve being 
one of the characteristic features of the Fontan circulation). After 
the Fontan operation, further reverse remodeling occurs but 
the FSV is characterized by a detrimental decrease in ventric¬ 
ular dilation with persistence of an abnormal wall thickness 
and incomplete resolution of hypertrophy (eccentric remodel¬ 
ing), often termed increased mass-to-volume ratio [7]. Concen¬ 
tric hypertrophy may also develop in the FSV in response to 
increased afterload, defined as ventricular wall stress. Studies 
have shown that increased afterload (i.e., outflow tract obstruc¬ 
tion, residual coarctation of the aorta or systemic hypertension) 
may persist after the Fontan operation [8,9]. Residual ventricular 
hypertrophy may contribute to diastolic dysfunction and even¬ 
tually to failure of the Fontan circulation. 


Effect of loading changes on parameters of 
systolic function 

The most commonly used parameter to assess global pump 
function is ejection fraction. This parameter is sensitive to 
changes in preload and afterload. Recent serial data obtained 
with either MRI or echocardiography has demonstrated a 
decrease in ventricular volumes and ejection fraction imme¬ 
diately after the bidirectional Glenn shunt [4,10]. During the 
remodeling process a compensatory decrease in end-systolic 
volumes may result in an increase in ejection fraction just 
prior to the Fontan procedure [4]. Despite these findings, ejec¬ 
tion fraction is generally preserved in the majority of patients 
after the Fontan operation suggesting that adaptation or fur¬ 
ther reverse remodeling occurs in the post-Fontan period [7]. 
It also indicates that systolic dysfunction is uncommon in pedi¬ 
atric Fontan survivors. In adult patients, ventricular dysfunc¬ 
tion seems to be more common and is an important cause of 
failure of the Fontan circuit [11]. Systolic dysfunction may be 
intrinsic to the FSV or may be related to other comorbidities in 
adult life. 
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but the clinical and prognostic significance of these findings 
is currently unknown [7]. The primary issue regarding assess¬ 
ment of diastolic function is that the conventional echocardio- 
graphic parameters (atrioventricular valve inflow, pulmonary 
venous flow patterns, and tissue Doppler velocities) are diffi¬ 
cult to interpret in Fontan patients. Progressive increase in ven¬ 
tricular stiffness and reduction in compliance may be one of 
the major mechanisms explaining Fontan failure with progres¬ 
sive age. 
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Figure 28.4 Diastolic pressure-volume relationship during different stages 
of palliation. A: the normal ventricle; B: shunted ventricle with chronic 
volume loading resulting in enhanced compliance; C: Fontan ventricle 
early after volume unloading; D: Fontan ventricle late after unloading; 
chronic volume unloading is thought to cause progressive stiffening of the 
ventricle with decreased compliance. 


Diastolic function of the single ventricle 

In the Fontan circuit, low atrial pressure is required for a low- 
pressure gradient across the pulmonary vascular bed (transpul - 
monary gradient). Atrioventricular valve regurgitation and sin¬ 
gle ventricular diastolic function are important determinants of 
atrial pressure. Diastolic function after the Fontan operation has 
been poorly studied due to the absence of good methods for 
assessment of ventricular filling in patients with this physiol¬ 
ogy. Experimental data have shown that acute volume unload¬ 
ing of the ventricle results in less recoil and decreased suction 
resulting in increased filling pressures (Figure 28.4) [12-15]. 
Echocardiographic studies in Fontan patients have suggested 
that the volume reduction associated with the Fontan operation 
results in early relaxation abnormalities and incoordinate wall 
motion abnormalities especially affecting the isovolumic relax¬ 
ation period and early filling [13-15]. These diastolic changes 
have typically been observed in FSV patients who underwent 
a Fontan operation without a previous bidirectional Glenn 
shunt. In this era, the chronically volume-loaded ventricles were 
acutely unloaded and the observed diastolic and systolic abnor¬ 
malities could be related to the ventricle being “too large” for 
the volume immediately after the procedure. In patients after 
the Fontan procedure, chronic volume reduction seems to cause 
a progressive decrease in ventricular compliance with a left 
upward shift in the end-diastolic pressure-volume relationship 
[16]. Moreover, the thicker myocardium may become stiffer with 
age. The FSV may enter a vicious cycle whereby the volume 
unloading results in adverse reverse remodeling, reduced com¬ 
pliance, reduced ventricular filling, and eventually declining car¬ 
diac output. A recent cohort study suggests that the majority 
of pediatric Fontan patients have abnormal diastolic function 


The pulmonary circulation limits cardiac 
output after the Fontan operation 

A characteristic feature of the Fontan circuit is the lack of 
pulsatile pulmonary blood flow through the pulmonary vas¬ 
cular bed. In the normal biventricular circulation pulmonary 
blood flow is generally not a limiting factor for determining 
cardiac output. In ischemic heart disease and cardiomyopathy, 
decreased cardiac pump function limits cardiac output. After the 
Fontan procedure the pulmonary circulation limits the preload 
reserve to the FSV and determines the cardiac output response 
[8,17]. This is comparable to obstructed inflow after Mustard 
repair, primary pulmonary hypertension, constrictive pericardi¬ 
tis, and mitral stenosis. 

Different factors influence the amount of pulmonary blood 
flow and cardiac output after the Fontan operation. The first 
limiting factor is the energy loss in the surgical connections. 
The presence of unobstructed surgical connections between the 
caval veins and the pulmonary arteries is a requirement for opti¬ 
mal Fontan function. Any degree of obstruction of the Fontan 
connections will reduce cardiac output. The pulmonary arter¬ 
ies need to be good-sized and unobstructed. Pulmonary vascu¬ 
lar resistance (PVR) further determines pulmonary blood flow. 
Even a mild increase in PVR reduces pulmonary blood sup¬ 
ply and cardiac output [18]. Recent data have shown that pul¬ 
monary vasodilators like sildenafil positively influence cardiac 
output and exercise capacity in Fontan patients [19,20]. Pul¬ 
monary venous obstruction is another important factor deter¬ 
mining pulmonary blood flow. Some patients with FSV also have 
anomalous pulmonary venous connection that requires surgical 
intervention; they are at high risk for reobstruction. The extrac¬ 
ardiac Fontan conduit may also compress the adjacent right 
pulmonary veins. Rarely, the left lower pulmonary vein may 
become compressed between the heart, the descending aorta 
and the spine. 

In the Fontan circuit, pulmonary blood flow will increase 
with inspiration and decrease with expiration [21]. Studying res¬ 
piratory variation in Fontan patients has provided interesting 
physiologic information. Increased intrathoracic pressure due 
to airway obstruction or positive pressure ventilation reduces 
pulmonary blood flow and is detrimental for Fontan physiol- 
ogy [22], 
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Figure 28.5 Different modifications of the 
Fontan operation. 



Fontan modifications 

Since its original description, the Fontan circuit has undergone 
several surgical modifications (Figure 28.5) [23,24]. The origi¬ 
nal Fontan operation included the hypoplastic right ventricle in 
the circuit. This required a valved surgical conduit to connect 
the hypoplastic ventricle with the pulmonary artery. These con¬ 
duits degenerated and conduit obstruction was a major prob¬ 
lem resulting in a high reoperation rate. This initial approach 
from Francis Fontan was quickly abandoned and was replaced 
by the atriopulmonary connection. This variation became the 
most commonly used modification as it was thought that includ¬ 
ing the right atrium in the connection would be beneficial for 
pulmonary hemodynamics due to the presence of the atrial 
kick. However, elevated atrial pressure caused progressive right 
atrial dilation, reducing the energetic efficiency and becoming 
a substrate for atrial arrhythmia. Experimental and computa¬ 
tional modeling was subsequently performed which showed that 
a total cavopulmonary connection (TCPC) would be hemody- 
namically more favorable and would result in less energy and 
power loss in the conduit when compared to atriopulmonary 
connection [25,26]. In this circuit, the vena cavae are connected 
directly to the right pulmonary artery. The superior vena cava 
is connected to the right pulmonary artery (bidirectional Glenn 
shunt) and the inferior vena cava is connected through an intra- 
atrial (lateral tunnel) baffle or by an extracardiac conduit. The 
benefits of the lateral tunnel Fontan include use in small children 
and potential for growth. The possible drawback is that there is 
substrate for atrial arrhythmia as a result of the suture line in the 
atrium and the exposure of atrial tissue to high pressure. To avoid 
these problems, the extracardiac conduit was introduced. This 
procedure consists of a tube graft between the inferior vena cava 


and the pulmonary artery placed externally around the right 
atrium. This circuit leaves the entire atrium at low pressure, has 
minimal atrial suture lines, and can be performed without aortic 
cross-clamping. However, this tube graft has no growth poten¬ 
tial and therefore is typically offered to larger patients (generally 
between 2-3 years of life). It remains to be determined whether 
the extracardiac conduit will ameliorate the arrhythmia risk. It 
is also more difficult to fenestrate (see later) this type of baffle. 
In most centers the extracardiac conduit is currently the pre¬ 
ferred technique though some are returning to the lateral tunnel 
method. When assessing a patient with a Fontan circulation, it 
is essential to know which type of connection has been made. 

Current strategy towards a Fontan 
circulation 

At birth, it is fatal to create a Fontan circulation because the pul¬ 
monary vascular resistance remains elevated for several weeks 
to months. Even when resistance falls, a staged approach to 
Fontan completion is preferred, with the superior and inferior 
caval veins incorporated into the systemic venous chamber in 
two separate stages. Thus, the body adapts progressively to the 
new hemodynamic condition and eccentric hypertrophy, reduc¬ 
ing the overall operative morbidity and mortality. In the neona¬ 
tal period, clinical management aims at achieving unrestricted 
flow to the aorta (if required: arch repair, Damus-Kaye-Stansel, 
Norwood procedure), appropriately limited flow to the lungs 
(if required: pulmonary artery band, aortopulmonary artery 
shunt, stenting of the arterial duct), and unrestricted return 
of blood to the ventricle (if required: balloon septostomy, pul¬ 
monary venous connection). Between 4 to 8 months of age, the 
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bidirectional Glenn shunt is performed. After the Glenn shunt, 
the patient remains mildly cyanotic because the desaturated 
blood from the inferior vena cava still connects to the systemic 
ventricle and the aorta. Between 1 to 5 years of age, the Fontan 
circuit is completed, incorporating the inferior vena cava into 
the baffle. 

Frequently a small fenestration or hole is created between the 
systemic venous pathway and the pulmonary atrium, either rou¬ 
tinely or only in “high-risk” patients. The fenestration allows a 
residual right-to-left shunt, thereby reducing systemic venous 
pressure and increasing preload of the systemic ventricle at the 
expense of cyanosis. A fenestration has been shown to reduce 
operative mortality and morbidity (e.g., pleural drainage). It can 
be closed by a percutaneous intervention weeks or months after 
adaptation of the body to the new hemodynamic condition, par¬ 
ticularly if marked cyanosis occurs with exercise. 

Complications after the Fontan operation are common and 
relate to the increased systemic venous pressure and chronic 
low cardiac output. There may be clinical important early and 
late mortality, mild to moderate exercise intolerance, ventric¬ 
ular dysfunction, rhythm and conduction abnormalities, hep¬ 
atomegaly with secondary liver dysfunction and potential for 
development of liver fibrosis or cirrhosis, lymphatic dysfunc¬ 
tion, protein-losing enteropathy, plastic bronchitis, thrombus 
formation, ascites, and peripheral edema [1,2]. 

Echocardiographic assessment of the Fontan 
circulation 

Before scanning a patient who has undergone a Fontan opera¬ 
tion, it is essential to first review the underlying cardiac anatomy 
and previous surgical history. The ventricular morphology (left, 
right, or indeterminate) needs to be determined as this influ¬ 
ences measurements and interpretation of functional informa¬ 
tion. It is important to establish the type of Fontan connection 
that has been performed as well as any additional cardiac surgery 
before starting to scan. This includes information regarding arch 
reconstruction, the presence of a Damus-Kaye-Stansel connec¬ 
tion (between the ascending aorta and the pulmonary trunk), 
previous valve surgery, type of previous shunt if performed 
(modified Blalock-Taussig shunt or other), interventions on the 
pulmonary arteries (patch, balloon dilatation, or stent implan¬ 
tation) and intervention on the pulmonary veins. Additionally, 
the echocardiographer should know the clinical indication for 
the scan. When interpreting the images it helps to know the 
patient s clinical status and whether the study is being performed 
because of a concern or for routine follow-up. Some issues such 
as residual cyanosis, ascites, protein-losing enteropathy, or other 
signs of Fontan failure may require specific image acquisition. 
Access to previously performed imaging studies greatly facili¬ 
tates interpretation of findings and detection of changes. Com¬ 
parison between studies should be easy and should be routine in 
the review process. To facilitate this comparison, digital storage 


of clips and usage of standard scanning protocols is highly rec¬ 
ommended. As these patients have frequently undergone mul¬ 
tiple surgeries, acoustic windows may be challenging, especially 
with increasing age. 

Goals of imaging 

1 Assessment of the Fontan pathway 

a Assess for presence and size of fenestration and transfenes¬ 
tration gradient 

b Assess for presence and size of thrombus in Fontan pathway 
c Assess for obstruction of Fontan pathway to pulmonary 
artery. 

2 Assessment of pulmonary venous chamber 
a Assess for adequate atrial communication 
b Assess for pulmonary venous obstruction. 

3 Assessment of atrioventricular valve function 

a Severity of atrioventricular valve regurgitation, if present. 

4 Assessment of single ventricular function 
a Systolic and diastolic performance 

b Hypertrophy and/or dilation. 

5 Assessment of outflow tracts, semilunar valve(s), ascending 
aorta, and aortic arch 

a Determine semilunar valve competency 
b Assess for residual or recurrent arch obstruction. 

6 Assessment of branch pulmonary arteries 

a Determine narrowing, stenosis, competitive flow. 

Assessment of Fontan connections, pulmonary 
arteries, and pulmonary veins 

Typically it is recommended to initiate the scan with subx- 
iphoid imaging. Coronal or subxiphoid sagittal views in par¬ 
ticular allow for visualization of the inferior vena cava and its 
connection to the Fontan baffle. Color flow imaging and pulsed- 
wave (PW) Doppler tracings in this view are used to assess for 
obstruction (Figure 28.6; Videos 28.1 and 28.2). The inferior 
vena cava and hepatic veins are typically dilated and sponta¬ 
neous contrast is often noted. Flow velocities should be low (gen¬ 
erally <20-30 cm/s). For PW Doppler assessment, the sweep 
speed should be reduced in order to record flow throughout 
the respiratory cycle. Normally a low-velocity continuous sys¬ 
tolic and diastolic flow pattern is detected (Figure 28.7). Usu¬ 
ally, the flow increases with inspiration and decreases during 
expiration. The presence of respiratory variation suggests that 
intrathoracic pressure changes are well transmitted in the Fontan 
conduit, a sign that the Fontan connections are unobstructed. 
Absence of respiratory variation or the presence of reverse flow 
in the cardiac cycle is abnormal. Retrograde flow during systole 
may be seen in the setting of atrioventricular valve regurgita¬ 
tion or due to the presence of significant competitive collateral 
flow. Flow reversal during diastole may be present in the fail¬ 
ing Fontan or in the presence of atrial arrhythmia (increased 
pressure in the Fontan circuit). Lack of respiratory variation 
should raise suspicion of conduit obstruction. In the intra-atrial 
tunnel or an extracardiac conduit, the connection between the 
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Figure 28.6 The connection between the 
inferior vena cava (IVC) and the extracardiac 
conduit (ECC). The connection between the 
inferior vena cava and the extracardiac 
conduit is demonstrated from a subxiphoid 
view The IVC is dilated. The IVC-ECC 
connection is widely patent as seen by 
two-dimensional imaging (left panel) with 
laminar flow (right panel). The arrow points 
to a device that was used to close a 
fenestration between the ECC and the atrium. 



inferior vena cava may be visualized well using a subxiphoid 
long- and short-axis sweep. Subxiphoid, apical and paraster¬ 
nal views should be combined to assess the Fontan baffle. This 
assessment includes looking for tunnel dilation, the presence of 
clots and residual fenestration or baffle leaks (Video 28.3). If a 
fenestration is present, a PW Doppler tracing of the fenestra¬ 
tion flow should be acquired (Figure 28.8). An estimate of the 
pressure gradient between the systemic and pulmonary venous 
chambers can be determined by obtaining the mean gradient 
across the fenestration (transpulmonary gradient). If the fenes¬ 
tration has been closed with a device, the position of the device 
should be evaluated as well as the presence of a residual shunt. 

The superior connection between the tunnel/conduit and the 
pulmonary artery is often more difficult to image. The apical 
and parasternal long-axis views but particularly the supraster¬ 
nal view are helpful in visualizing this region (Figure 28.9; 
Video 28.4). In the atriopulmonary Fontan, the connection 
is variable depending on the anastomosis. Typically, the atri¬ 
opulmonary connection results in progressive, marked atrial 
dilatation with low flow velocities, spontaneous contrast and 
potential for thrombus formation. Other types of connections 
involving valved conduits should be carefully inspected for valve 


dysfunction (especially stenosis) (Figure 28.10; Video 28.5) and 
thrombus. Color flow using low Nyquist settings should be used 
to visualize the surgical anastomosis sites of the Fontan connec¬ 
tions. In the case of obstruction, the flow pattern in the baffle 
becomes continuous throughout the respiratory cycle as the gra¬ 
dient can persist during expiration. If TTE is insufficient, trans¬ 
esophageal echocardiography (TEE) may provide better imag¬ 
ing of the conduit, tunnel or atrium. Studies have demonstrated 
that thrombus that is present on TEE may not be visualized 
on TTE. 

In patients with a lateral tunnel or extracardiac type Fontan 
connection, it is also important to evaluate the connection 
between the superior vena cava and the right pulmonary artery 
(Glenn anastomosis; Figure 28.11; Video 28.6). This can only 
be visualized from the suprasternal frontal view. In this view, 
the flow into the branch pulmonary arteries may be imaged 
although in older patients adequate images are challenging. The 
flow pattern in the superior vena cava resembles those in the 
inferior vena cava with increased flow with inspiration and 
decreased flow with expiration. If flow acceleration is noted at 
the anastomosis site, a PW Doppler tracing and mean gradient 
can be calculated. Thrombus maybe present in the superior vena 


Figure 28.7 Venous flow pattern in the 
hepatic veins. Flow in the hepatic 
vein-inferior vena cava (IVC) junction. In this 
patient some systolic flow reversal can be 
noted which is related to a moderate to severe 
degree of tricuspid regurgitation. 
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Figure 28.8 Doppler flow through the 
fenestration. A pulsed Doppler tracing is 
obtained to measure the flow through the 
fenestration between the extracardiac conduit 
and the atrium. The mean gradient between 
the fenestration and the atrium can be 
assessed. This reflects the pressure difference 
between the conduit and the atrium 
(transpulmonary gradient). 


cava or the innominate vein, especially if a central line is present. 
In case of bilateral superior vena cavae, both anastomotic con¬ 
nections should be visualized. Generally, the left superior vena 
cava is smaller than the right, and obstruction of the left-sided 
anastomosis is more common. Also worth noting is that the 



Figure 28.9 Connection between the extracardiac conduit and the 
pulmonary artery (PA). In this suprasternal image slightly tilted to the right 
and anteriorly, the connection between the extracardiac conduit (ECC) and 
the right pulmonary artery is nicely demonstrated. The red flow indicates 
the flow in the direction of the PA during inspiration. 


pulmonary artery segment between both anastomoses sites may 
be small and become hypoplastic over time because it receives 
little flow. 

The branch pulmonary arteries are also best visualized 
using suprasternal views (Figure 28.12; Videos 28.7 and 28.8). 
The proximal right pulmonary artery is visualized from the 
suprasternal frontal view. When moving the transducer into 
a sagittal (arch) view, the left pulmonary artery may be seen 
going towards the left hilum. Pulsed Doppler tracings should 
be obtained in both pulmonary arteries. If stenosis is present, 
a continuous flow pattern with an elevated mean gradient will 
be seen. If a pulmonary artery stent is present, the metal often 
causes shadowing and reverberations which can make it diffi¬ 
cult to demonstrate flow. Color flow seen distal to the stent is 
reassuring. Flow reversal in the branch pulmonary arteries sug¬ 
gests increased pulmonary vascular resistance or the presence of 
significant aortopulmonary collaterals. 

The pulmonary veins should also be interrogated after the 
Fontan procedure. An extracardiac conduit or significant atrial 
dilatation may cause compression of the pulmonary veins (Fig¬ 
ure 28.13; Video 28.9). Pulmonary venous obstruction in a 
Fontan circuit can be difficult to detect by echocardiography and 
may require additional imaging by cardiac CT, magnetic reso¬ 
nance imaging, or cardiac catheterization. 

Assessment of atrioventicular valve function 

Careful evaluation of the atrioventricular valves should be per¬ 
formed in every Fontan patient. Significant atrioventricular 
valve regurgitation is associated with morbidity and mortality 
in this patient population. 

Atrioventricular valve regurgitation is a common problem 
after the Fontan operation particularly in the presence of a 
common atrioventricular valve or a dominant tricuspid valve. 
Echocardiographic assessment should include evaluation of the 
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Figure 28.10 Stenosis on a conduit between 
the right atrium and a hypoplastic RV in a 
patient with tricuspid atresia who underwent a 
valved conduit insertion between the right 
atrium (RA) and the hypoplastic right 
ventricle. This is a right parasternal view The 
conduit is located just below the sternum and 
can be very difficult to image. The Doppler 
tracing allows to quantify the degree of 
stenosis (mean gradient 5-6 mmHg). Also 
notice that there is regurgitation during 
systole. Source: Courtesy of Dr. F. Meijboom. 
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severity of atrioventricular valve regurgitation as well as iden¬ 
tification of the mechanism (Figure 28.14; Videos 28.10 and 
28.1 1). Evaluation of the severity of regurgitation is largely based 
on qualitative assessment using color flow. Different imaging 
planes should be used for assessing the size of the regurgi¬ 
tant jet in three dimensions. The jet width at the level of the 
leaflets generally is a good indicator of the severity of the regur¬ 
gitation. Jet width assessment becomes more challenging when 


multiple jets are present. A combination of jet width, jet area 
and jet length into the atrium generally allows for subjective 
assessment as mild, moderate or severe. If more than mild, iden¬ 
tifying the mechanism of regurgitation becomes important. A 
common mechanism for regurgitation is valve dysplasia with 
resultant valve leaflet irregularities at the zone of apposition and 
leaflet thickening [27]. Describing the mechanisms of regurgi¬ 
tation requires scanning the valve in multiple planes. Recent 


Figure 28.11 Anastomosis between the 
superior vena cava (SVC) and the right 
pulmonary artery (RPA). Suprasternal notch 
view demonstrating the connection between 
the SVC and the RPA. The connection is 
widely patent with laminar continuous flow 
increasing with inspiration (Insp). 
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Figure 28.12 Imaging the pulmonary arteries. 
The suprasternal views are the best views to 
image the pulmonary arteries. The left 
pulmonary artery can be seen below the aorta 
when tilting the probe leftwards (a). Color 
Doppler is very useful for identifying the 
pulmonary branches (b). The right pulmonary 
artery (RPA) can be viewed from the 
suprasternal notch but by placing the probe 
more rightward. Figure (c) shows the superior 
vena cava (SVC) to RPA connection, while 
(d) shows the more distal RPA. 


studies have suggested that 3D echocardiography may provide 
additional information on the atrioventricular valve in FSV [28]. 
Further improvements in spatial and temporal resolution of this 
technique will allow better defining of leaflet abnormalities and 
a more detailed description of the subvalvar apparatus. 

After valve repair, careful follow-up of the surgical result is 
required. In case of prosthetic valve insertion, evaluation of 
prosthetic valve function is essential. Perivalvular leaks can be 
present and should be distinguished from regurgitation related 
to deficient prosthetic valve function. The low flow profile 
through the prosthetic valve makes it theoretically more prone 
to valve thrombosis. After valve repair, close monitoring of sin¬ 
gle ventricular function is required. The long-term outcome of 
patients undergoing atrioventricular valve repair in the context 
of single ventricle palliation is worse compared to case-matched 
patients not requiring valve surgery [29]. 

Atrioventricular valve stenosis is rare but can be present after 
atrioventricular valve repair or after prosthetic valve replace¬ 
ment. Inflow through the valve(s) should be assessed using 
color flow and PW Doppler from the apical views. If a gra¬ 
dient is present, CW Doppler should be obtained as aliasing 
may occur. The mean gradient should be calculated throughout 
the respiratory cycle. For prosthetic valves, a mean gradient is 
common and known for the specific valve types. If significant 


regurgitation is present, the mean inflow gradient may be over¬ 
estimated due to increased flow. 

Assessment of outflow tracts, ascending aorta, 
and aortic arch 

In FSV, the outflow tract from the dominant ventricle con¬ 
nects the ventricle to the aorta. Outflow tract obstruction, if 
present, causes chronic pressure loading with secondary concen¬ 
tric hypertrophy, which is detrimental for the long-term preser¬ 
vation of ventricular function. It can further limit the output 
from the FSV. The mechanism causing outflow tract obstruc¬ 
tion most commonly is subvalvar obstruction. The most typ¬ 
ical example is double-inlet left ventricle with transposition 
of the great arteries where the VSD to the RV outlet cham¬ 
ber may become restrictive and thus, cause subaortic obstruc¬ 
tion. In cases where a patient is at risk for this obstruction, a 
Damus-Kaye-Stansel (DKS) operation connecting both outflow 
tracts to the aorta is performed. The outflow tract needs to be 
imaged in all Fontan patients, especially in those who did not 
undergo a DKS procedure to assure unobstructed flow. Differ¬ 
ent acoustic windows (subxiphoid, apical views, and paraster¬ 
nal long-axis views) can be used to image the outflow tracts. 
Color Doppler, PW and CW Doppler traces should be obtained 
as well aligned with the outflow tract as possible. The peak and 
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Figure 28.13 Pulmonary venous compression 
by dilated right atrium. This patient has an 
atriopulmonary connection with important 
dilation of the right atrium (RA), causing 
compression on the right upper pulmonary 
vein (arrows) with turbulent flow in the 
pulmonary vein and a mean gradient of 
4-5 mmHg. Source: Courtesy of Dr. F. 
Meijboom. 



mean gradients should be measured. If a gradient is detected, 
the mechanism causing the gradient should be defined. This can 
include subaortic obstruction due to a restrictive VSD, a mem¬ 
branous/fibrous ring, or valvar obstruction. In every patient the 
DKS connection between the ascending aorta and previous pul¬ 
monary trunk should be imaged. Obstruction at the connection 
between the aorta and the pulmonary can compromise coro¬ 
nary artery blood flow and result in ischemia and ventricular 
dysfunction. Semilunar valve function should also be evaluated. 
When the pulmonary valve is assigned to the aortic position 
(neo-aorta) regurgitation is prevalent. A DKS connection can 
distort one or both semilunar valves and cause regurgitation. 
Fortunately, important semilunar valve regurgitation is unusual 
in FSV. There have been reported cases of valve replacement. 

In patients who underwent aortic arch reconstruction or 
coarctation surgery, assessment for residual arch obstruction is 
essential. Residual arch obstruction and coarctation of the aorta 
causes arterial hypertension and a significant increase in after¬ 
load to the FSV. Even a mild gradient can cause significant ven¬ 
tricular dysfunction. The suprasternal window is best to view 
the arch. Color Doppler and CW Doppler can be used to assess 
the peak gradient across the arch and the descending aorta. In a 


reconstructed arch, the proximal arch gradient should be incor¬ 
porated into the Bernoulli equation to achieve the most accurate 
arch gradient. In adults the arch can be difficult to image. A good 
alternative for ruling out residual arch obstruction is obtaining 
a PW Doppler tracing of the abdominal aorta from the subx- 
iphoid views. The absence of significant diastolic anterograde 
flow in the abdominal aorta rules out significant residual arch 
obstruction. 

Assessment of single ventricular function 

One of the most challenging parts of the echocardiogram in 
patients after the Fontan procedure is the assessment of ventric¬ 
ular function. Application of standard methods of assessment 
of the normal left ventricle to a FSV with variable ventricular 
morphology is a significant challenge. The FSV operates with 
reduced preload reserve and the pulmonary circulation is an 
important regulator of cardiac output. Assessment of ventricu¬ 
lar function requires assessment of both systolic and diastolic 
function. 

Systolic performance: The most widespread technique used to 
assess systolic ventricular function in patients after the Fontan 
operation, is subjective assessment or “eyeball technique.” Most 
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Figure 28.14 Tricuspid regurgitation in patient with hypoplastic left heart 
syndrome after the Fontan operation. Color Doppler image obtained from 
the apical 4-chamber view. There is a moderately wide jet of tricuspid 
regurgitation (arrows) coming from the zone of apposition between the 
anterior and septal leaflets. LV, left ventricle; RA; right atrium; RV, right 
ventricle. 


echocardiography laboratories report ventricular function to be 
normal, mildly, moderately, or severely reduced based on subjec¬ 
tive evaluation without any quantification. In two recent stud¬ 
ies the qualitative assessment of FSV function was compared 
with MRI measurements of ejection fraction [30,31]. The stud¬ 
ies looked at the reliability (intra- and inter-observer variability) 
as well as the accuracy (agreement between echocardiographic 
assessment and cardiac MRI quantification) of the assessment. 
The reproducibility of qualitative assessment was found to be 
moderate for LV morphology but weak for RV morphology. Also 
the agreement between qualitative assessment by echocardiog¬ 
raphy and quantitative assessment by cardiac MRI was weak. 
Both studies found that image quality and readers experience 
influenced the results. In the mild to moderate range of dysfunc¬ 
tion the disagreement is more pronounced. This is not surpris¬ 
ing as most readers will be able to diagnose patients at the both 
extremes of the spectrum with either severely reduced function 
or a completely normal EE 

Quantitative approaches have been proposed and evaluated. 
A multicenter cohort study of the Fontan population used a 
modified biplane Simpsons method to quantify FSV volumes 
and ejection fraction [31]. The reproducibility of this method 
was found to be good amongst the core lab echocardiographers 


evaluating the studies, with better agreement for the LV than the 
RV measurements. The agreement between echocardiographic 
and MRI quantitative assessments was weak, however, with sys¬ 
tematic underestimation of FSV volumes by echocardiography. 
This is probably related to the different geometry of FSV when 
applying the Simpsons formula. Given the relatively good repro¬ 
ducibility within the same laboratory, the biplane Simpsons 
technique may provide a reasonably good method for quanti¬ 
tative serial follow-up in the same patient. As most EF calcu¬ 
lations are based on the geometric assumption of an ellipsoid 
LV, there will be relative inaccuracy in cases of more complex 
geometry. A reasonable alternative is the use of fractional area 
change from an apical 4-chamber view as an easy method for 
quantifying function (Figure 28.15). Lately 3D echocardiogra¬ 
phy has been proposed as a potential emerging technique for 
evaluating FSV volumes and ejection fraction. The method of 
discs shows good reproducibility and accuracy [32]. However, it 
has recently been replaced by semi-automated (for the RV) or 
automated border detection and volumetric analysis programs 
that have been validated in biventricular hearts. These meth¬ 
ods have yet to be validated for FSV [10]. A major issue with 
3D echocardiography is that it can be very difficult to acquire a 
full volume of the entire FSV at reasonable frame rates; more¬ 
over, the anterior wall segments can be extremely difficult to 
visualize due to their anterior position in the chest just behind 
the sternum. 

Since volumetric data are difficult to obtain in FSV, alternative 
nongeometric methods have been proposed. Using blood pool 
Doppler signals, dP/dt can be calculated. This preload-sensitive 
method is based on a valve regurgitation jet (Figure 28.16) or by 
using a modified method based on measurement of the isovolu- 
mic contraction time (IVCT) and aortic diastolic blood pressure 
and assuming FSV end-diastolic pressure (5 mmHg) [33]. The 
regurgitation method requires the presence of at least a mild to 
moderate amount of regurgitation in order to be able to acquire 
a reliable jet, which is not possible in every patient. The method 
based on IVCT requires measuring time intervals on the inflow 
tracing and the outflow tracing, which requires that there is no 
change in heart rate between the two traces. An additional prob¬ 
lem with this method, is that the estimation of end-diastolic 
pressure may be inaccurate. The reproducibility of dP/dt mea¬ 
surements is high but the value of dP/dt correlates only weakly 
with MRI-based measurement of EF [33]. An alternative nonge¬ 
ometric Doppler-based method is the myocardial performance 
index (MPI) or Tei-index. This index of combined systolic and 
diastolic ventricular performance is calculated as follows: 

MPI = (IVRT + IVCT)/ET 

where IVRT = isovolumic relaxation time and ET = ejec¬ 
tion time. The index can be measured based on blood pool 
data (inflow and outflow) or tissue Doppler tracings. Tissue 
Doppler (Figure 28.17) has the advantage that the measure¬ 
ment can be performed on the same cardiac cycle [33,34]. The 
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Figure 28.15 Quantification of single 
ventricular function. From an apical 
4-chamber view fractional area change (FAC) 
can be measured by tracing the end-diastolic 
and end-systolic area and calculating the FAC. 
In this patient FAC was 50%. Using the 
Simpsons method volumes can be estimated 
and ejection fraction can be calculated. 
Ejection fraction in this patient was 72%. 



reproducibility of this method has been moderately good. In 
Fontan patients, MPI has been reported to be prolonged but the 
degree of prolongation does not correlate with EF as measured 
by MRI. MPI is preload and afterload sensitive and this may 
affect the measure [35]. A potentially more attractive concept 
is the ratio of systolic to diastolic duration [36]. This measure 
requires an atrioventricular valve regurgitation jet and measur¬ 
ing the duration of the regurgitation jet as the systolic duration 
and the inflow duration as the diastolic duration. When ven¬ 
tricular dysfunction develops, systolic duration prolongs, short¬ 
ening diastolic inflow duration. In severe dysfunction the heart 
spends most of the time in systole with only a very short time 


in diastole thus limiting diastolic filling. In normal children the 
S/D ratio varies between 0.4 and 1.6 and is largely determined 
by heart rate [37]. In patients with hypoplastic left heart syn¬ 
drome the S/D ratio has been shown to be elevated and higher 
in patients with RV dysfunction compared to patients with nor¬ 
mal RV function [36]. When corrected for heart rate, however, 
the values were shown to be in the normal range [34]. All these 
recent data illustrate that the use of nongeometric Doppler- 
derived timing parameters requires further investigation before 
they can be recommended in routine clinical practice. 

Alternatively tissue Doppler velocities can be used. Tissue 
Doppler traces are relatively easy to obtain and are generally 


Figure 28.16 dP/dt as calculated from the 
atrioventricular valve regurgitation. In this 
patient with single ventricular dysfunction 
dP/dt was significantly reduced. 
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Figure 28.17 Measuring time intervals on tissue Doppler traces obtained 
in the AV-valve annulus, (i) represents the isovolumic contraction period 
with the IVA peak, (ii) is the ejection time, (iii) is the isovolumic relaxation 
time, and (iv) is the diastolic time or filling time. The myocardial 
performance index can be calculated by (ICT + IRT)/ET. (Bellsham-Revell 
EHJ-CVI 2012) 


highly reproducible. Similar to other nonvolumetric methods, 
peak systolic velocity (S' wave) is dependent on ventricular size, 
preload, afterload, and is also influenced by atrioventricular 
valve regurgitation. This can limit its use in clinical practice. In 
the Fontan population no correlation has be found between S' 
and EF as measured by cardiac MRI [33]. S' is a local parame¬ 
ter of myocardial function reflecting longitudinal contraction in 
the basal part of the ventricle. Thus, regional myocardial dys¬ 
function may be present in other areas which can contribute 
to the lack of correlation. In serial follow-up studies, a reduc¬ 
tion in S' suggests a reduction in ventricular longitudinal func¬ 
tion which may warrant closer follow-up or further investiga¬ 
tion. The load-dependency of tissue Doppler velocities may be 
overcome by measuring the acceleration of the tissue Doppler 
spike present during the isovolumic contraction period [isovolu¬ 
mic acceleration (IVA)]. During this period, active force is devel¬ 
oped in the fibers resulting in a shape change in the ventricle just 
prior to ejection. IVA appears to be a relative load-independent 


measurement of cardiac contractility. It is, however, highly heart 
rate dependent and difficult to measure. 

Most recently the introduction of speckle tracking technology 
has allowed the calculation of myocardial deformation or strain 
imaging in Fontan patients (Figure 28.18) [38]. This method 
was recently validated against myocardial strain measurements 
as obtained by MRI-based myocardial tagging [39]. Similar to 
other methods of function, strain measurements are dependent 
on loading conditions. Increased preload will increase myocar¬ 
dial deformation; increased afterload will result in decreased 
myocardial deformation. Presently there is limited information 
on the clinical use of strain imaging in the Fontan population 
and how it can be used in clinical practice. The main applica¬ 
tion for this technology may be its use in detecting intraventric¬ 
ular dyssynchrony in patients who develop ventricular dysfunc¬ 
tion in order to help to identify patients who might benefit from 
resynchronization therapy (Video 28.12) [40,41]. 

Diastolic performance 

The development of diastolic dysfunction is probably one of the 
most important problems after Fontan palliation. Diastolic dys¬ 
function has been shown to be highly prevalent with 72% of the 
patients having diastolic abnormalities in a large cohort study 
[7]. The study proposed a grading system for diastolic dysfunc¬ 
tion with normal diastolic function defined as E/A between 1 
and 2, DT >140 msec, and E/E' <10. Impaired relaxation was 
defined on E/A ratio <1 only Pseudonormalization was iden¬ 
tified when E/A was between 1 and 2 but DT <140 msec or 
E/E' >10 or (FP <55 cm/sec). Restrictive physiology was based 
on E/A >2. Of note, this grading system is extrapolated from 
adult data and has never been validated against invasive pres¬ 
sure data in Fontan patients. Moreover, there are limitations of 
these modalities related to nonsinus or paced rhythm, heart rate 
and atrioventricular valve function. 

In the aging Fontan population, progressive decrease in ven¬ 
tricular compliance and increased end-diastolic pressure is often 
observed. This is difficult to detect using noninvasive methods. 
In the adult population with a biventricular circulation E/E' has 



Figure 28.18 Strain measurements in the single right ventricle using speckle-tracking echocardiography From an apical 4-chamber view, longitudinal 
strain can be estimated (a). From a parasternal short-axis view circumferential (b) and radial strain measurements (c) can be obtained. Peak or 
end-systolic strain values can be measured. 
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been proposed as a useful parameter for identifying patients with 
increased filling pressures. In patients with FSV, the use of the 
E/E' ratio is problematic because E velocities are influenced by 
atrioventricular valve size and E' velocities are often preserved. 
Though diastolic dysfunction is a primary cause of Fontan fail¬ 
ure, thus far current echocardiography techniques are not capa¬ 
ble of identifying these patients based on any criteria. Identifi¬ 
cation of FSV patients with reduced compliance is one of the 
remaining challenges in congenital cardiology. Hopefully meth¬ 
ods will soon be developed which will provide information on 
tissue characteristics, such as MRI-based T1-mapping. 

Conclusion 

Echocardiographic imaging in patients after the Fontan oper¬ 
ation remains a significant challenge. It requires a full under¬ 
standing of the underlying complex morphology, the sur¬ 
gical techniques and the unique physiology of the cardiac 
circuit. While echocardiography is the standard routine follow¬ 
up technique, patients with Fontan failure or suspected com¬ 
plications will likely require additional imaging by MRI, CT, or 
angiography. 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 28.1 The connection between the inferior vena cava (IVC) 
and the extracardiac conduit (ECC). The connection between the 
IVC and the conduit is nicely demonstrated from a subxiphoid view 
by two-dimensional imaging. 

Video 28.2 The connection between the inferior vena cava (IVC) 
and the extracardiac conduit (ECC). The color flow image shows 
increased flow in the conduit with inspiration related to negative 
intrathoracic pressures during inspiration with increased blood flow 
in the Fontan circuit. 

Video 28.3 Fenestrated extracardiac Fontan. In this subxiphoid 
view, color Doppler imaging demonstrates the presence of a con¬ 
tinuous low-velocity jet through the fenestration. 

Video 28.4 Connection between the extracardiac Fontan and the 
pulmonary artery. In this suprasternal image slightly tilted to the 
right and anteriorly, the connection between the extracardiac con¬ 
duit (ECC) and the right pulmonary artery are nicely demonstrated. 
The red flow indicates the flow in the direction of the pulmonary 
artery during inspiration. 

Video 28.5 Stenosis on a conduit between the right atrium and 
the hypoplastic RV. This patient with tricuspid atresia underwent 
a valved conduit insertion between the significantly dilated right 
atrium (RA) and the hypoplastic right ventricle which became 


significantly stenotic and regurgitant. Source: Courtesy of Dr. F. 
Meijboom. 

Video 28.6 Suprasternal notch view demonstrating the connection 
between the superior vena cava (SVC) and right pulmonary artery 
(RPA). The connection is widely patent with laminar continuous 
flow increasing with inspiration. 

Video 28.7 Imaging the left pulmonary artery (LPA). In a leftward 
tilted suprasternal view the LPA can be imaged below the aortic 
arch. The laminar continuous antegrade low velocity flow can be 
demonstrated in the proximal LPA. 

Video 28.8 Imaging the right pulmonary artery (RPA) from a right- 
ward tilted suprasternal notch view. The continuous low-velocity 
flow in the proximal RPA can be seen. 

Video 28.9 Pulmonary venous obstruction caused by atrial dilata¬ 
tion. Atriopulmonary connection with important dilation of the 
right atrium (RA), causing compression on the right upper pul¬ 
monary vein with turbulent flow in the pulmonary vein and a mean 
gradient of 4-5 mmHg. Source: Courtesy of Dr. F. Meijboom. 

Video 28.10 Tricuspid regurgitation in a patient with hypoplas¬ 
tic left heart syndrome after the Fontan operation. This clip shows 
a color Doppler image obtained from the apical 4-chamber view. 
There is a wide jet of tricuspid regurgitation coming from the zone 
of apposition between the anterior and septal leaflets. 

Video 28.11 Tricuspid regurgitation in a patient with hypoplas¬ 
tic left heart syndrome after the Fontan operation. This clip shows 
an apical 2-chamber view of the RV with an additional jet coming 
from between the anterior and inferior leaflets of the tricuspid valve. 
Overall the regurgitation is severe in this patient with significant 
right atrial dilatation. 

Video 28.12 Dyssynchrony in a patient with a single ventricle. 
Speckle tracking was used to quantify longitudinal deformation. 
From the images and curves it can be observed that the left lateral 
wall is being stretched at the time the right lateral wall contracts. 

Video 28.13 Dyssynchrony in a patient with a single ventricle. This 
causes significant dysfunction of the single ventricle with the patient 
developing symptoms of heart failure. Resynchronization therapy 
resulted in significant improvement in global ventricular function 
and reverse remodeling. 
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Cardiac malpositions 
Definitions 

Cardiac malposition may be defined as any position of the heart 
other than situs solitus with levocardia [ 1]. The term is also used 
to describe abnormal spatial arrangements of the individual car¬ 
diac segments - atria, ventricles, and the great arteries - and 
thus encompasses a wider range of anomalies. This section cov¬ 
ers malposition of the entire cardiac mass (dextro-/mesocardia) 
and isolated malposition of individual cardiac segments includ¬ 
ing juxtaposition of the atrial appendages [2,3], isolated ven¬ 
tricular inversion [4], and anatomically corrected malposition 
of the great arteries [5,6]. Heterotaxy syndromes [7] that are 
characterized by the presence of cardiac malposition, abnormal 
spatial organization of the thoraco-abdominal organs, and 
anomalies of multiple cardiac segments, are discussed separately. 
Cardiac malposition due to ectopia cordis is not addressed in this 
chapter. 

Dextrocardia and mesocardia are terms indicating the posi¬ 
tion of the heart in the chest [8]. These terms generally define 
the direction of the major heart axis in the chest. In levocar¬ 
dia the base-to-apex axis points to the left, while it points to 
the right in dextrocardia, and more caudally in mesocardia [9]. 
Situs inversus refers to the mirror-image reversal of the normal 
thoraco-abdominal visceral arrangement (see Chapter 3). Situs 
inversus is generally associated with dextrocardia, referred to as 
situs inversus totalis , but may be rarely seen with levocardia. 

The term dextroposition that refers to cardiac displace¬ 
ment to the right hemithorax by extracardiac factors such as 
hypoplastic right lung, and does not imply any intracardiac 
anomalies, has recently been replaced by the term dextrocar¬ 
dia with levoversion (Personal communication, ISNPCHD 
Meeting, Cambridge, UK, July 2015). Another term commonly 
used in the literature is dextroversion , or pivotal dextrocardia. 
It usually describes dextrocardia with situs solitus, where the 
cardiac apex appears as having been rotated from the left 
hemithorax to the right. 


Juxtaposition of the atrial appendages (JAA) refers to mal¬ 
position of one of the two atrial appendages. In situs solitus, jux¬ 
taposition of the morphologically right atrial appendage places 
both atrial appendages on the left side of the great arteries (com¬ 
monly referred to as left JAA); in situs inversus, juxtaposition 
of the morphologically right atrial appendage places both atrial 
appendages to the right side of the great arteries [2]. Similar ter¬ 
minology applies to juxtaposition of the morphologically left 
atrial appendage [3]. Juxtaposition of the appendages can be 
complete when the entire appendage is juxtaposed, or partial 
when the appendage exhibits a bifid configuration with a small 
part in the normal position and the larger part in the juxtaposed 
position [10]. 

Isolated ventricular inversion is a term first used in 1966 
[4] to describe a rare situation where ventricular inversion is 
not associated with transposition of the great arteries as in the 
usual case of “congenitally corrected” transposition of the great 
arteries. Instead, the case originally presented displayed thoraco¬ 
abdominal situs solitus, L-loop ventricles, atrioventricular dis¬ 
cordance, and ventriculo-arterial concordance. The definition 
also applies to atrial situs inversus with D-loop ventricles and 
inversely normally related great arteries (ventriculo-arterial con¬ 
cordance with anterior and rightward PA; segmental set: {I, D, 
I}) [11]. “Isolated” ventricular inversion has also been described 
in patients with heterotaxy syndrome [12,13]. 

Anatomically corrected malposition of the great arteries 
(ACM), a term introduced by Van Praagh et al. [14] in 1971, is 
an equally rare anomaly with similarities to isolated ventricular 
inversion. In ACM, the great arteries arise from the appropriate 
ventricles (ventriculo-arterial concordance) but the spatial rela¬ 
tionship between the two great arteries is abnormal with a paral¬ 
lel orientation instead of the normal spiraling relationship [5]. In 
D-loop ventricles, the aorta is typically positioned leftward and 
anterior to the pulmonary artery; in L-loop ventricles, the aorta 
is rightward and anterior to the pulmonary artery. Other spa¬ 
tial arrangements of the great arteries have also been described, 
and, currently, the diagnostic criteria include ventriculo-arterial 
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concordance and parallel arrangement of the great arteries. The 
presence of bilateral conus, initially considered an integral part 
of the diagnosis, was later found to be nonessential [5,6,15]. 

Incidences 

The incidence of fetal dextrocardia is reported as 220 to 830 
per 100,000 fetuses referred for echocardiography [16,17]. Post- 
natally, dextrocardia is reported in 2.8% of cyanotic congenital 
heart disease and 0.4% of acyanotic heart disease [18]. The most 
common type of dextrocardia in the general population is asso¬ 
ciated with situs inversus totalis. The prevalence of situs inversus 
is approximately 1 in 10,000 for situs inversus totalis [19] and 1 in 
22,000 for situs inversus with levocardia [20]. Dextrocardia with 
situs inversus (heart and stomach on the same side) is usually 
associated with normal intracardiac anatomy [17]. In contrast, 
dextrocardia with situs solitus, or levocardia with situs inversus 
(heart and stomach on opposite sides) are associated with a high 
rate of cardiovascular malformations. 

The incidence of juxtaposition of the atrial appendages was 
280 to 300 per 100,000 cases in clinical echocardiographic series 
[21,22] with juxtaposition of the right atrial appendage (JRAA) 
occurring more commonly, and 760 per 100,000 in an autopsy 
series [23]. Isolated ventricular inversion and ACM are very rare 
anomalies and only case reports or small case series exist in the 
literature. 

Etiology 

Unlike the genetics of situs inversus and heterotaxy syndrome, 
which have been extensively studied (see section “Heterotaxy 
syndrome” later), the genetic basis of dextrocardia and the rare 
forms of cardiac malposition is not well known. Mutations in 
genes defining laterality and left-right asymmetry influence car¬ 
diac position and ventricular looping causing laterality defects 
associated with congenital heart disease [24]. 

Morphology and classification 

Developmental considerations 

Dextrocardia in D-loop ventricles is probably related to arrested 
migration of the cardiac apex to the left hemithorax, a pro¬ 
cess that normally occurs between 23 and 35 days of gestation. 
L-loop ventricles, however, have a tendency to migrate to the 
right hemithorax, which explains the high incidence of dextro¬ 
cardia in this type of looping. 

During the early period of cardiac morphogenesis (at and 
prior to 23 days of gestation), left-sided JAA is normal. Between 
23 and 27 days of gestation, the conotruncus migrates to the left 
of the right atrial appendage, as the ventricular D-loop slowly 
swings from right to left during the fourth and fifth week of fetal 
development. Failure of this leftward movement of the ventric¬ 
ular apex results in left JRAA and dextrocardia, and explains the 
high rate of concurrence of these two anomalies. 

The embryogenesis of both isolated ventricular inversion [4] 
and ACM [25] is believed to be due to twisting of the ventri¬ 
cles and the great arteries in different directions during early 


cardiovascular development. Isolated ventricular inversion typ¬ 
ically occurs with normal conotruncal development with a ven¬ 
tricular L-loop. In contrast, ACM occurs most commonly with 
leftward twisting of the conotruncus with a normal ventricular 
D-loop. 

Anatomy 

A broad spectrum of cardiac anomalies can be associated with 
dextrocardia, ranging from an isolated ventricular septal defect 
(VSD) to the most complex forms of congenital heart disease. 
In the presence of situs inversus and dextrocardia (segmental 
set: {I,L,I}), the most commonly associated congenital heart 
defects are tetralogy of Fallot and VSD [26], but rarer condi¬ 
tions such as single coronary ostium and hypoplastic left heart 
syndrome have been reported [27,28]. The aortic arch is usually 
right-sided [29]. 

Juxtaposition of the right atrial appendage (to the left in situs 
solitus, to the right in situs inversus) is often associated with 
significant congenital heart disease, including tricuspid atresia 
or severe tricuspid stenosis in 40-60%, right ventricular (RV) 
hypoplasia in 71-74%, subaortic or bilateral conus in 71-100%, 
pulmonary outflow tract obstruction in 52%, VSD in 88%, and 
secundum atrial septal defect (ASD) in 71% [2,30]. Abnormal¬ 
ities of the conus such as transposition of the great arteries and 
double-outlet right ventricle are particularly common [2,3,31]. 
Dextrocardia is another common association with JRAA, occur¬ 
ring twice as commonly in JRAA as in a control series without 
JRAA [30,32]. 

Juxtaposition of the left atrial appendage (JLAA; to the right in 
situs solitus, to the left in situs inversus) is more commonly asso¬ 
ciated with normal conus (normally related great arteries and 
subpulmonary conus) but a number of other major cardiovas¬ 
cular malformations are typically present: abnormalities of the 
left atrial outlet in the form of mitral valve or left-sided tricus¬ 
pid valve atresia or severe stenosis in 69%, aortic outflow tract 
obstruction or atresia in 39%, common atrioventricular valve in 
28%, and heterotaxy syndrome in 28% [3]. 

In isolated ventricular inversion (atrioventricular discordance 
with ventriculo-arterial concordance connections), although the 
ventriculo-arterial connections are normal, the spatial position¬ 
ing of the great arteries relative to the ventricular chambers is not 
with a more inferior position of the great arteries [33,34]. Asso¬ 
ciated intracardiac defects include a VSD, hypoplastic tricuspid 
valve with RV hypoplasia, and coarctation of the aorta [34]. 

In ACM, the ventriculo-arterial connections are also concor¬ 
dant but the great vessel position and relationships are abnor¬ 
mal as they have a parallel course instead of the normal spiral¬ 
ing [32]. The circulation is potentially normal, depending on the 
atrioventricular alignments, but most described cases have addi¬ 
tional intracardiac defects. These include VSD, JRAA, abnor¬ 
mal right atrioventricular junction with right heart hypopla¬ 
sia, and subpulmonary or subaortic outflow tracts obstruction 
[35]. Another interesting observation is the high frequency 
of anomalies of the coronary artery origins (single coronary 


560 PartV Miscellaneous Cardiovascular Lesions 


artery or both coronary arteries arising from the right sinus of 
Valsalva) [5,36]. 

Pathophysiology 

The presentation of dextrocardia depends on the associated car¬ 
diac anomalies and can vary from an incidental finding on a 
chest X-ray or echocardiography to symptoms of the underlying 
congenital heart defects. Juxtaposition of the atrial appendages 
does not cause any hemodynamic disturbance, yet it is fre¬ 
quently associated with complex cardiovascular abnormalities 
requiring intervention [22]. Because of the association of JAA 
with transposition of the great arteries, balloon atrial septostomy 
is a common procedure. Diagnosis of JAA prior to the pro¬ 
cedure is important as positioning the balloon in the atrial 
appendage can cause rupture during balloon inflation and pull¬ 
back with potential catastrophic consequences [30,37]. Isolated 
ventricular inversion is associated with transposition physiology 
causing cyanosis in the neonatal period. The symptoms associ¬ 
ated with ACM are determined by the associated intracardiac 
lesions which can be highly variable. 

Imaging 

Key elements 

The main objectives of echocardiographic examination of car¬ 
diac malposition are: 

• Determination of the location of the heart in the thorax and 
orientation of the cardiac apex. 

• Identification of individual cardiac segments and their align¬ 
ments. 



Figure 29.1 Dextrocardia (a) versus dextrocardia with levoversion (b). 


• Identification of associated intracardiac anomalies. 

As for every patient with suspected congenital heart disease a 
full segmental analysis has to be performed. 

Dextrocardia 

When the heart is in the right chest, a distinction should be made 
between a rightward apex (true or mirror-image dextrocardia) 
and a leftward orientation of the apex with rightward position 
(dextrocardia with levoversion) (Figure 29.1a,b). Crucial when 
imaging dextrocardia is to maintain the probe in the standard 
orientations. In the subxiphoid long-axis view the apex is ori¬ 
ented rightward (Figure 29.2a; Video 29.1). With clockwise rota¬ 
tion of the transducer the normal subxiphoid short-axis views 
are obtained, but to obtain the standard short-axis views, sweep¬ 
ing should be performed from left to right (base to apex) instead 



(a) (b) 

Figure 29.2 Situs inversus totalis, (a) Subxiphoid long-axis image of situs inversus totalis {I,L,I} with a membranous ventricular septal defect (arrowhead), 
(b) Right parasternal short-axis image of situs inversus totalis with a membranous ventricular septal defect (not shown). Ao, aorta; LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle; RYOT, right ventricular outflow tract; TV, tricuspid valve. 





Chapter 29 Cardiac Malpositions and Heterotaxy Syndrome 561 



Figure 29.3 Subxiphoid image of leftward 
juxtaposition of the right atrial appendage in 
the setting of critical tricuspid stenosis (TS) and 
severely hypoplastic right ventricle (HRV). RA, 
right atrium; LV, left ventricle. 

of right to left for levocardia. In the apical 4-chamber view the 
probe is placed on the right chest with the notch pointing to 
the left, resulting in a standard orientation. For the parasternal 
long-axis view the probe is placed on the right chest with the 
notch pointing to the left shoulder. This results in the normal 
display of the cardiac apex pointing to the left of the screen. To 
obtain the right parasternal short-axis view, the probe is rotated 
clockwise from the parasternal long axis, with the notch now 
pointing to the left hip (Figure 29.2b; Video 29.2). A common 
pitfall in the right parasternal short-axis view is the erroneous 
rotation of the probe counterclockwise toward the patient s right 
shoulder. Left parasternal long- and short-axis views can also be 
utilized and have been found helpful in delineating great artery 
relationships [9]. The segmental approach should be used to 
describe the entire cardiac anatomy and associated lesions. 


Juxtaposition of the atrial appendages 

Juxtaposition is best visualized from the subxiphoid long- and 
short-axis views (Figures 29.3 and 29.4; Video 29.3) as well as 
from the parasternal short-axis view (Figure 29.4; Video 29.4) 
[21]. The juxtaposed atrial appendage is always superior to 
the normally positioned appendage and adjacent to the great 
arteries. Abnormal spatial orientation of the atrial septum is 
frequently present [31,37]. Focused imaging of the juxtaposed 
atrial appendage is generally best from a coronal plane from 
a high thoracic or suprasternal window [22]. Transesophageal 
imaging can be useful in the diagnosis of JAA, especially in adult 
patients with poor transthoracic windows. Features include lat¬ 
eral deviation of the mid-portion of the atrial septum on the 
mid-esophageal 4-chamber view and a frontal orientation of 
the antero-superior portion with more cranial imaging [38]. 


Figure 29.4 Parasternal image of leftward 
juxtaposition of the right atrial appendage 
(LJRAA). Horizontal orientation of the atrial 
septum is typically seen with the juxtaposed 
atrial appendages. In this case there is 
juxtaposition of the right atrial (RA) appendage 
in the setting of transposition of the great 
arteries. LA, left atrium; LUPV, left upper 
pulmonary vein; MPA, main pulmonary artery; 
RA, right atrium; RVOT, right ventricular 
outflow tract. 
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Figure 29.5 Subxiphoid long-axis image of 
isolated ventricular inversion with solitus atria, 
L-loop ventricles, and normally related great 
arteries with subpulmonary conus. Ao, aorta; 
LV, left ventricle; PA, pulmonary artery; RA, 
right atrium; RV, right ventricle. 


The extension of the venous component of the atrial cavity to the 
juxtaposed atrial appendage may also be demonstrated. 

Isolated ventricular inversion and ACM 

For these more unusual and sometimes complex lesions, a full 
segmental approach using all standard imaging views should be 
used. Pasquini et al. [33] highlighted certain imaging findings 
specific to isolated ventricular inversion: 

• The ventriculo-arterial alignments and connections are nor¬ 
mal with aortic-mitral valve fibrous continuity and the pres¬ 
ence of a subpulmonary conus. 

• The infundibulum runs more vertical than in the normal heart 
and the great arteries appear to run more parallel from the 
subxiphoid long-axis views but they cross from parasternal 
long-axis views (Figures 29.5 and 29.6a,b; Videos 29.5 and 
29.6). 

• Interrogation of the atrial septum often reveals a closed or 
restrictive atrial communication [39], contributing to the 
severe cyanosis that is usually the presenting feature of this 
abnormality. 

Detection of ACM is based on morphologic analysis of 
the individual cardiac segments and detailed imaging of the 
conotruncal region. ACM is recognized as ventriculo-arterial 
concordance with parallel arterial trunks (Figure 29.7a,b; 
Video 29.7). 

Prenatal assessment 

Identification of abnormal position of the heart in the tho¬ 
rax is generally obtained during the routine obstetrical ultra¬ 
sound exam, and often is the main reason for referral for 
detailed fetal echocardiography. Differentiation between dex¬ 
trocardia and dextroposition can be determined on the fetal 
echocardiogram. Intrathoracic abnormalities, including con¬ 
genital diaphragmatic hernia, cystic adenomatoid malformation 


of the lung, bronchogenic cysts, and pericardial and pulmonary 
tumors, are the main causes for dextroposition. Dextroposition 
without an intrathoracic space-occupying lesion can be present 
[40]. This can occur in the context of right lung hypoplasia and 
hypoplasia of the right pulmonary artery, and the most common 
cardiac defect encountered is scimitar syndrome. 

Fetal detection of JAA is generally made in the context of diag¬ 
nosis of complex congenital heart disease. The position of the 
atrial appendages should be carefully evaluated in patients with 
dextrocardia, tricuspid atresia, transposition of the great arter¬ 
ies, and double-outlet right ventricle [22]. JAA is often first sus¬ 
pected on the 3-vessel view, where abnormal vascular structures 
are seen to the left or right of the cross-section of the arterial 
trunks [41] (Figure 29.8). 

Isolated ventricular inversion and ACM have rarely been diag¬ 
nosed in utero [42], but the diagnosis can be made by a detailed 
segmental analysis of the cardiac anatomy. 

Pre- and postoperative assessment 

Before surgical planning a full segmental evaluation is required 
with a complete description of the anatomy and physiology. 
Postoperative assessment is obviously determined by the type of 
surgical repair or palliation. 

The importance of the diagnosis of JAA prior to balloon atrial 
septostomy has been stressed. In addition, identification of the 
juxtaposed appendages before intra-atrial baffle procedures is 
important because juxtaposition may require adaptation of the 
surgical atrial rerouting technique [43]. 

Isolated ventricular inversion can be managed surgically with 
an atrial switch procedure that corrects the transposition physi¬ 
ology and keeps the left ventricle connected with the aorta. Asso¬ 
ciated intracardiac defects like VSDs can be repaired during the 
same procedure. In cases of ventricular inversion the conduction 
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Figure 29.6 Subxiphoid short-axis images of 
isolated ventricular inversion at the level of the 
great arteries (a) and of the ventricles (b), 
showing the abnormal spatial relationship of 
the L-looped ventricles with normally 
positioned great arteries. Ao, aorta; LA, left 
atrium; LV, left ventricle; PA, pulmonary artery; 
RV, right ventricle; RVOT, right ventricular 
outflow tract. 



system runs on the right-sided left ventricular side of the septum 
so the patch needs to be placed on the left side [44]. 

In ACM, the atrioventricular connections should be identified 
first. The majority of reported cases have concordant atrioven¬ 
tricular connections and, thus, normal physiology. However, 
almost all have VSDs, and JAA and subpulmonary or subaortic 
outflow tract obstruction is frequently associated. A significant 
percentage of cases also have single coronary arteries. Less com¬ 
monly, the atrioventricular connections are discordant and the 
patients present with transposition physiology. In those cases, 
the appendages are typically not malposed, but a VSD is almost 
always present and subaortic obstruction is frequent. A smaller 


percentage of the reported cases of ACM also have atresia of 
the right ventricular (RV) inflow or double-inlet left ventricle 
(LV) [36]. 

Heterotaxy syndrome 
Definitions 

In contrast to the remarkable external symmetry of all ver¬ 
tebrates, including humans, the internal organs normally are 
asymmetrically positioned along the left-right axis [45]. This 
asymmetry refers to both lateralization of unpaired organs 
(e.g., heart, liver, spleen, and stomach) as well as morphologic 
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Figure 29.7 Anatomically corrected 
malposition of the great arteries: apical 
4-chamber views showing atrial situs solitus 
with atrioventricular discordance and 
ventriculo-arterial concordance in the setting 
of dextrocardia. There is a large ventricular 
septal defect, and the left-sided tricuspid valve 
(TV) is straddling over the defect (a). Angled 
anteriorly the rightward and anterior aorta is 
shown to be aligned with the right-sided left 
ventricle, whereas the leftward and posterior 
main pulmonary artery (MPA) is aligned with 
the left-sided right ventricle, (b). The segmental 
set is {S,L,D}, and the aorta is supported by a 
subaortic conus. LA, left atrium; LV, left 
ventricle; MV, mitral valve; RA, right atrium; 
RV, right ventricle. 


differences of paired organs (lungs, bronchi, and atrial 
appendages) that do not allow them to be mirror images of 
each other. The term heterotaxy refers to the failure to generate 
normal left-right asymmetry, and it is defined as the presence of 
a pattern of spatial organization of the thoracic and abdominal 
viscera that is neither that of situs solitus nor that of situs 
inversus [7]. 

According to the definitions provided by the Working Group 
of the International Society for Nomenclature in Paediatric and 
Congenital Heart Disease [7], patients with heterotaxy syn¬ 
drome can be stratified into the subsets of isomerism of the 
right atrial appendages/asplenia syndrome and isomerism of 
the left atrial appendages/polysplenia syndrome. Although right 


and left atrial isomerism are commonly used terms, it is impor¬ 
tant to note that atrial isomerism does not exist. It is only the 
atrial appendages that are isomeric (symmetrical mirror images 
of each other) in the setting of heterotaxy, and the terms right 
isomerism and left isomerism are used in this chapter as syn¬ 
onyms of asplenia syndrome and polysplenia syndrome, respec¬ 
tively. Those having isomeric right atrial appendages frequently 
have bilaterally tri-lobed lungs, each with a short bronchus, 
and absence of the spleen. Those having isomeric left atrial 
appendages frequently have bilaterally bi-lobed lungs, each with 
a long bronchus, and multiple spleens. There is also a smaller 
third category of patients with cardiac lesions common for right 
isomerism who, instead of asplenia, have a single, right-sided 
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Figure 29.8 Fetal 4-chamber view of leftward 
juxtaposition of the right atrial appendage 
(LJRAA), angled anteriorly showing the 
abnormal spatial relationship of the great 
arteries - aorta rightward and anterior, 
pulmonary artery leftward and posterior. The 
juxtaposed right atrial appendage is seen 
traversing behind the pulmonary trunk to the 
left of the great vessels. Ant Ao, anterior aorta; 
DORV, double-outlet right ventricle; MPA, 
main pulmonary artery; RA, right atrium. 



spleen [46]. The distinction between the groups is based on the 
common concurrence of different anomalies, although there is 
a wide variation and some overlap of the cardiac abnormalities 
found in any given patient. In general, the cardiac abnormalities 
in right isomerism/asplenia syndrome are more complex and 
the prognosis is poorer. Whatever classification system used, the 
imager should provide an accurate description of the thoraco¬ 
abdominal visceral situs and of all cardiovascular abnormalities 
through a detailed segmental analytical approach. 

Incidence 

Despite the continuing problems with classification and termi¬ 
nology that make most series difficult to interpret, the majority 
of the published studies estimate the incidence of heterotaxy at 
10-14 per 100,000 livebirths [47-51]. The relative frequency of 
heterotaxy syndrome is reported as 2.3-4.2% of congenital heart 
disease [47,49]. 

Etiology 

Heterotaxy is due to a deficiency in the definition of left-right 
asymmetry which is controlled by different pathways resulting 
in complex genetics underlying the condition. Studies in humans 
and the iv/iv and inv mouse models suggest an autosomal reces¬ 
sive inheritance with variable penetrance, but polygenic or mul¬ 
tifactorial causes have also been implicated [52-55]. Autoso¬ 
mal dominant, recessive and X-linked inheritance have all been 
described for this condition. Also environmental factors can 
influence the incidence of the disease as vertebrate studies have 
shown that maternal diabetes [50] and retinoic acid [56] expo¬ 
sure in utero can be potential factors contributing to the occur¬ 
rence of the laterality defects. 

A link between ciliary motility and the regulation of left-right 
asymmetry was proposed due to the association of primary cil¬ 
iary dyskinesia with situs inversus totalis. Ciliary motion seems 


to be important for determining left-right asymmetry as mal¬ 
functioning cilia of afflicted humans can result in random gen¬ 
eration of asymmetry (left-right or situs solitus or right-left 
or situs inversus, right-right or right isomerism or left-left or 
left isomerism) [57]. How cilia affect lateralization relates to the 
fetal node, which is a transient midline structure that is covered 
with specialized monocilia. The prevailing model hypothesizes 
that fluid flow directed by ciliary movement in the early embry¬ 
onic stages determines left-right asymmetry by motion signal¬ 
ing proteins such as sonic hedgehog, fibroblast growth factor, or 
Nodal which are swept to the left side of the embryonic node 
where they initiate downstream signaling pathways [58]. Dis¬ 
ruption of the midline barrier separating left from right may 
permit a mixing of molecules that are normally asymmetrically 
distributed in early embryos, resulting in abnormal organ sid¬ 
edness later in development. Combinations of rare mutations 
in genes that control embryonic left-right patterning and envi¬ 
ronmental insults during early embryogenesis probably underlie 
most cases [59]. Nine genes have so far been linked to nonsyn- 
dromic human laterality disorders [45]. Despite these advances, 
the determinants of laterality are still not completely under¬ 
stood, and the correlation of genotype with phenotype remains 
at an early stage. 

Morphology and classification 

Developmental considerations 

The major events in normal cardiac development that appear 
to be arrested or absent in heterotaxy syndrome occur largely 
during the fifth week of gestation [60], and the hearts of many 
patients with heterotaxy syndrome bear a remarkable resem¬ 
blance to the heart of a normal embryo at 35 days of gestation. 
More specifically, the growth of the endocardial cushions, sep- 
tation of the conotruncus, lobation of the lungs and rotation of 
the gut begin between days 28 and 35 of gestation [61] whereas 
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Table 29.1 Criteria for visceral heterotaxy and abnormal visceral symmetry 


1 Thoraco-abdominal situs inconsistency 

2 Abnormally symmetric lung lobes 

3 Abnormally symmetric bronchial branching pattern 

4 Abnormal symmetry of the liver 

5 Unusual or abnormal systemic venous connections 

6 Unroofed coronary sinus 

7 Abnormal pulmonary venous connections or drainage 

8 Similarities in the shape and morphology of the atrial appendages 

9 Abnormal mesenteric attachments 

10 Abnormal bowel location +/- malrotation 

11 Asplenia, polysplenia or single right-sided spleen 

12 Abnormal position and/or size of the pancreas 


the spleen is present at about 32 days and is well demarcated by 
35-36 days [60]. 

Anatomy 

Heterotaxy syndrome is characterized by a wide spectrum of 
pathology, and its clinical diagnosis is not generally based on 
strict anatomic criteria. According to Van Praagh et al. [46] the 
fulfillment of at least 4 of the 12 criteria outlined in Table 29.1 
correctly identifies patients with heterotaxy syndrome. The 
atrial appendages merit special mention as a diagnostic cri¬ 
terion, because they have been considered by many [62,63] 
to be the unifying link in the definition and classification of 
patients with heterotaxy syndrome. Whether isomerism accu¬ 
rately applies to the heart or not, it is true that both appendages 
frequently share characteristics of a right atrial appendage in 
asplenia syndrome and of a left atrial appendage in polysplenia 
syndrome. It has been suggested that the extent of the pectinate 
muscles relative to the muscular atrioventricular vestibule can 
reliably distinguish between left and right atrial appendages. In 
hearts with isomeric appendages, there is either bilateral exten¬ 
sion of the pectinate muscles in cases of right isomerism, or 
continuity between the vestibule of the atrioventricular junction 
and the smooth-walled venous component of the atrium without 
interposition of pectinate muscles in cases of left isomerism [64]. 
Because the identification of internal anatomy, size and location 
of the appendages is not always feasible by echocardiography, we 
propose the combination of multiple criteria in order to classify 
correctly patients with heterotaxy/isomerism. 

The usual combination of findings in right isomerism/ 
asplenia syndrome includes: total anomalous pulmonary venous 
connection, usually to a systemic vein; bilateral superior venae 
cavae; unroofed/absent coronary sinus; common atrium; com¬ 
plete common atrioventricular canal (CCAVC); a high incidence 
of a functionally single ventricle, usually of dominant right ven¬ 
tricular morphology; pulmonary stenosis or atresia; and trans¬ 
position of the great arteries (Figure 29.9a-d; Video 29.8). In left 
isomerism or polysplenia syndrome the cardiovascular anoma¬ 
lies are generally not as severe and usually consist of: inter¬ 
rupted inferior vena cava with azygos continuation; bilateral 
superior venae cavae; pulmonary veins draining to ipsilateral 
atria; CAVC in 50%; left ventricular outflow tract obstruction; 


rarely, transposition of the great arteries; and, uncommonly, pul¬ 
monary stenosis (Figure 29.10a,b; Video 29.9). The various car¬ 
diac anomalies frequently encountered in the heterotaxy syn¬ 
drome and their incidences in reported series are listed in Table 
29.2. Additional details of the encountered anomalies are given 
in the following sections. 

Systemic venous connections 

Interrupted inferior vena cava used to be considered pathog¬ 
nomonic for left isomerism/polysplenia syndrome, but recent 
case reports have shown that it can rarely be associated with right 
isomerism/asplenia syndrome [52,65]. In cases with interrupted 
inferior vena cava, the hepatic veins connect with the right-sided 
atrium directly, either as a single trunk - forming the suprahep- 
atic segment of the inferior vena cava - or as separate connec¬ 
tions of the left and right hepatic veins. When the inferior vena 
cava is intact, the hepatic veins drain in the I VC in the major¬ 
ity of cases, although in about a third of the cases, the hepatic 
veins draining the lobe of the liver opposite to the inferior vena 
cava can connect with the atrium directly (Figure 29.11). In any 
patient with suspected isomerism the hepatic venous drainage 
needs to be identified. 

Pulmonary venous connections 

In right isomerism/asplenia syndrome total anomalous pul¬ 
monary venous drainage is very common with a collecting 
pulmonary venous chamber connected to a systemic vein. 
Pulmonary venous obstruction is frequently observed [66] and 
is associated with poor outcome. In left isomerism/polysplenia 
syndrome the pulmonary veins connect normally but drain 
anomalously due to malposition of the septum primum toward 
the anatomic left atrium (see later). 

Atrial septum 

A large atrial septal defect with a common atrium is frequently 
seen in both asplenia and polysplenia syndromes. Especially 
in right isomerism/asplenia syndrome, both septum secundum 
and septum primum may be absent, and only remnants of atrial 
septal tissue are recognized in these patients. This can be a fibro- 
muscular strand that crosses the inferior aspect of the common 
atrium (inferior limbic band of the fossa ovale) or remnants of 
venous valve tissue. In left isomerism/polysplenia syndrome, it 
has been proposed that the partially or totally anomalous pul¬ 
monary venous connection to the contralateral atrium is due 
to malposition of septum primum, probably secondary to the 
absence of septum secundum [67]. The pulmonary veins appear 
to be connected normally to the left atrial wall externally but 
drain to the right atrium anomalously because of the malposi- 
tioned septum primum. There is usually an interatrial commu¬ 
nication of variable size between the septum primum and the 
posterior atrial wall, which strictly speaking is not a foramen 
ovale [60]. A sinoseptal defect, frequently in the form of com¬ 
plete unroofing of the coronary sinus, is a common association, 
especially in patients with right isomerism/asplenia syndrome. 
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(a) 


Figure 29.9 Heterotaxy syndrome most 
consistent with asplenia, (a-d) Sequential 
subxiphoid long-axis images from 
posterior/inferior to anterior/superior showing 
the typical constellation of findings in asplenia 
syndrome in a patient with double-outlet right 
ventricle {A,L,L}: bilateral superior venae 
cavae, totally anomalous pulmonary venous 
connections, nearly common atrium, complete 
common atrioventricular canal, and severe 
subpulmonary stenosis with bilateral conus. 
Asc, ascending; AV, atrioventricular; Desc, 
descending; LA, left atrium; LLPV, left lower 
pulmonary vein; LPA, left pulmonary artery; 
LV, left ventricle; MPA, main pulmonary 
artery; PV, pulmonary valve; RA, right atrium; 
RLPV, right lower pulmonary vein; RPA, right 
pulmonary artery; RV, right ventricle; SVC, 
superior vena cava. 



(b) 


Atrioventricular valves 

A partial or complete common atrioventricular (AV) canal 
is the most common cardiac malformation in all heterotaxy 
syndromes. In right isomerism/asplenia the defect is usu¬ 
ally unbalanced with right ventricular dominance. In left iso¬ 
merism/polysplenia, it is generally a balanced defect with two 
well-developed ventricles. 

Ventricles 

L-looped ventricles are encountered in 22-38% of patients 
with right isomerism/asplenia syndrome and in 12-30% 
of cases with left isomerism/polysplenia syndrome [68,69]. 


Preoperative recognition of ventricular looping is important 
because it can predict the location of the specialized conduc¬ 
tion tissue. L-looped ventricles, irrespective of heterotaxy sub¬ 
group, usually have dual AV nodes, one situated anterolater- 
ally and the other postero-inferiorly, occasionally with a “sling” 
of conduction tissue connecting them [70]. D-looped ventri¬ 
cles in the context of polysplenia syndrome usually possess a 
solitary AV node, situated where the ventricular septum meets 
the atrioventricular junction postero-inferiorly; the AV conduc¬ 
tion axis is often discontinuous, providing the substrate for AV 
block that is common in left isomerism/polysplenia. Morpho¬ 
logic variations can be present in the AV valve that may further 
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complicate surgical repair. More specifically, a study concentrat¬ 
ing on cases of balanced CAVC in the setting of heterotaxy syn¬ 
drome reports a higher frequency of solitary left-sided papil¬ 
lary muscles (Figure 29.12), shorter and deviated dual papillary 
muscles, and a smaller circumference of the mural leaflet of the 
morphologic left ventricle in asplenia syndrome compared with 
cases of CAVC in polysplenia syndrome or absence of heterotaxy 
[71]. 

Ventriculo-arterial connections 

Significant abnormalities in ventriculo-arterial connections can 
be present in patients with heterotaxy syndrome. Generally in 
right isomerism/asplenia syndrome, there is double-outlet right 
ventricle or ventriculo-arterial discordance (transposed great 


Figure 29.9 ( Continued ) 

arteries). One of the outflow tracts may be completely atretic 
as well (see later). In contrast, left isomerism/polysplenia syn¬ 
drome is characterized by the absence of a subaortic conus, even 
in cases of transposition [68]. Ventriculo-arterial connections 
are more commonly concordant in this condition. Abnormal 
connection of the pulmonary veins to a systemic vein, irrespec¬ 
tive of the heterotaxy subgroup, is almost always associated with 
abnormal infundibulum (either subaortic or bilateral) [68]. 

Pulmonary outflow tract obstruction 

Pulmonary stenosis or atresia is very common, especially in right 
isomerism/asplenia syndrome, and, together with pulmonary 
venous obstruction, constitutes one of the most severe prob¬ 
lems in the newborn period. A study of 72 postmortem cases 
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(a) 


Figure 29.10 (a,b) Heterotaxy syndrome most 
consistent with polysplenia. Constellation of 
findings most consistent with polysplenia 
syndrome in a patient with mesocardia and 
abdominal visceral situs ambiguus (segmental 
set {A,D,S}): interrupted inferior vena cava 
with left azygos continuation to the left 
superior vena cava (SVC), common atrium, 
partial atrioventricular (AV) canal with a 
common AV valve, and normally related great 
arteries. Ao, aorta; Desc, descending; LA, left 
atrial; LV, left ventricle; MPA, main pulmonary 
artery; RV, right ventricle. 
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of asplenia syndrome [67] reported an interesting association 
between these two problems. Specifically, when the pulmonary 
artery branches were severely hypoplastic, stenotic or discon¬ 
tinuous, anomalous pulmonary venous connections were more 
probable (86% vs. 51% with pulmonary arteries that were only 
mildly hypoplastic or normal). Pulmonary venous obstruction 
was also more common (57% vs. 24%) in those patients. 

Aortic outflow tract obstruction 

In postmortem studies [69,72], subaortic obstruction was seen 
in 4-10% of patients with asplenia syndrome, and in 28-33% of 
patients with polysplenia syndrome. Van Praagh et al. described 
in detail the pathologic findings and clarified the anatomic basis 


of the malformation [72]. More specifically, there was no subaor¬ 
tic conus in any of their cases, and the obstruction was caused by 
the following lesions (Figure 29.13): 

• redundant leaflet of the tricuspid valve; 

• aneurysm of the membranous septum; 

• excessive fibrous tissue from the mitral or common AV valve; 
or 

• malposition of the conal septum. 

Aortic arch, brachiocephalic vessels, and patent 
ductus arteriosus 

Coarctation of the aorta and interrupted aortic arch are relatively 
uncommon, especially in asplenia syndrome (Figure 29.14a,b). 
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Table 29.2 Incidence of cardiac anomalies in heterotaxy syndrome 



Right isomerism/Asplenia syndrome (%) 

Left isomerism/Polysplenia syndrome (%) 

Dextrocardia 

27-41 [46,61,64,69,76,115,116] 

27-45 [46,48,64,69,11 

15-117] 

Interrupted IVC 

0-3 [46,61,64,69,76,115,116] 

65-92 [46,48,64,69,11 

15-117] 

Continuous IVC entering the RA 

48-77 [46,64,76,115] 

0-34 [46,64,115,117] 


Continuous IVC entering the LA 

20-52 [46,64,76,115] 

0-16 [46,64,115,117] 


Hepatic veins entering the atria directly 

16-38 [46,61,64,69,76,115,116] 

84-96 [46,48,64,69,11 

15,116] 

Unroofed coronary sinus 

32-100 [46,61,64,69,115,116] 

26-46 [46,48,64,69,11 

15-117] 

Bilateral superior venae cavae 

38-71 [46,61,64,69,76,115,116] 

33-50 [46,48,64,69, V 

15-117] 

TAPVC to a systemic vein 

31-87 [46,61,64,69,76,115,116] 

0-13 [46,48,64,115,11 

17] 

Pulmonary veins to RA (partial or total) 

2-19 [46,64] 

37-74 [46,48,64,115,1 

117] 

Common atrium 

40-84 [61,64,69,76,116] 

30-53 [46,48,64] 


Atrial situs solitus 

50 [46] 

78 [46] 


Atrial situs inversus 

31 [46] 

22 [46] 


Atrial situs ambiguus 

19 [46] 

0 [46] 


CAVC 

69-92 [46,61,64,69,76,115,116] 

16-66 [46,48,64,115,1 

117] 

Pulmonary stenosis/atresia 

78-96 [46,61,64,69,76,11 5,116] 

28-43 [46,48,64,115,1 

117] 

Aortic valve hypoplasia/ LVOT obstruction/coarctation 

2-12 [46,61,64,69,76,116] 

17-25 [46,48,69,117] 


Single ventricle 

29-73 [46,61,64,69,76,115,116] 

26-43 [46,48,69,115] 


TGA -D, -IVDORV 

47-91 [46,61,64,69,76,115,116] 

16-48 [46,48,69,115,1 

117] 

Abnormal coronary pattern 

Aortic arch laterality 

10-64 [61,64,69,115,116] 

8-24 [69,117] 


- Left 

56 [115] 

33 [115] 


- Right 

32-49 [61,76,115] 

67 [115] 



CAVC, complete common atrioventricular canal; DORV, double-outlet right ventricle; IVC, inferior vena cava; LA, left atrium; LVOT, left ventricular outflow 
tract; RA, right atrium; TAPVC, totally anomalous pulmonary venous connection; TGA, transposition of the great arteries. 


The incidence of right aortic arch is given in Table 29.2. In our 
database, out of 56 cases with heterotaxy syndrome, right aor¬ 
tic arch was diagnosed in 39% (all with mirror-image branch¬ 
ing) [73]. Isolated left innominate artery has also rarely been 
described (three cases), with both subgroups of heterotaxy syn¬ 
drome represented. Two of these three cases had associated aor¬ 
tic atresia [74]. Another reported association is the presence of 


bilateral ductus arteriosus in 25% of cases with pulmonary atre¬ 
sia and right isomerism/asplenia syndrome [75]. 

Noncardiac anomalies 

In right isomerism/asplenia syndrome, in addition to the fre¬ 
quently encountered bronchial symmetry with bilateral trilobed 
lungs and eparterial bronchi, a midline liver is present in the 



Figure 29.11 Ipsilateral hepatic veins. 
Subxiphoid long-axis view at the level of the 
diaphragm showing the left hepatic veins 
joining the left-sided intact inferior vena cava 
(IVC) and the right hepatic veins draining 
separately. 
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Figure 29.12 Single left ventricular papillary 
muscle. Subxiphoid short-axis image showing 
the well-balanced common atrioventricular 
valve and a single left ventricular (LV) 
posteromedial papillary muscle (arrow). RV, 
right ventricle. 



majority of the cases whereas gastrointestinal and genitourinary 
anomalies are present in one-third and one-tenth of patients, 
respectively [76]. The most common gastrointestinal abnormal¬ 
ity is intestinal malrotation. 

In left isomerism/polysplenia syndrome, the incidence of 
extracardiac anomalies is higher, occurring in 36% of patients in 
the largest clinical series to date [48]. Gastrointestinal anoma¬ 
lies are common, with biliary atresia and intestinal malrota¬ 
tion occurring in 11% and 13% of patients, respectively, whereas 


genitourinary and neurologic abnormalities occur in 6% and 4% 
of patients. 

Pathophysiology 

Cyanosis in the newborn period is the presenting symptom in 
many patients with right isomerism/asplenia syndrome, due to 
the frequent presence of pulmonary stenosis or atresia, as well 
as common atrium and transposition physiology. In left iso¬ 
merism/polysplenia syndrome, pulmonary stenosis or atresia 


Figure 29.13 Mechanisms of ventricular 
outflow tract obstruction. Subxiphoid long-axis 
image angled anteriorly showing the different 
mechanisms of obstruction of the systemic 
outflow in heterotaxy syndrome, with critical 
obstruction in the systemic outflow due to 
posterior malalignment of conal septum, 
discrete subaortic membrane, tricuspid valve 
attachments and aortic valve hypoplasia. Ao, 
aorta; PA, pulmonary artery; RV, right 
ventricle; SubAo, subaortic; TV, tricuspid valve. 
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Figure 29.14 (a,b) Complex interrupted aortic 
arch type A in polysplenia syndrome. Short- 
and long-axis suprasternal notch images reveal 
a very unusual branching pattern of a probably 
left aortic arch: the first vessel is the left 
subclavian artery (LSCA), which arises from 
the ascending aorta, 15 mm above the level of 
the aortic annulus. The ascending aorta 
continues for another 8 mm before it trifurcates 
to the right subclavian (RSCA), right common 
carotid (RCCA) and left common carotid 
(LCCA) arteries. The distance between the 
distal ascending aorta and the descending aorta 
is measured at about 1 cm. IJ, internal jugular; 
LPA, left pulmonary artery; MPA, main 
pulmonary artery. 


and transposition physiology are relatively uncommon, mak¬ 
ing symptoms of congestive heart failure from large left-to-right 
shunts the predominant presenting symptoms. 

Rhythm abnormalities are common in both groups of het- 
erotaxy syndrome. There are dual sinus nodes in the major¬ 
ity of right isomerism/asplenia syndrome patients, whereas in 
left isomerism/ polysplenia syndrome the sinus node tends to 
be hypoplastic or absent resulting in abnormal origin of the 
atrial rhythm (often low atrial rhythm) [70]. Complete atri¬ 
oventricular block (CAVB) mainly affects patients with left iso¬ 
merism/polysplenia syndrome and if this occurs during fetal 
life, fetal demise occurs in almost 100% of all cases. The 


high occurrence of CAVB has been attributed to discontinu¬ 
ity between the AV node and the ventricular conduction tissue 
[77]. Postnatally, it has been described in 7% of patients with 
left isomerism/polysplenia syndrome [48]; additionally, there is 
a small percentage of patients who develop complete AV block 
postoperatively. 

The splenic abnormalities that accompany heterotaxy syn¬ 
drome contribute significantly to morbidity and mortality. 
Asplenia can result in fulminant sepsis and patients require life¬ 
long antibiotic prophylaxis. Splenic imaging is therefore impor¬ 
tant and can include abdominal ultrasound, CT, or magnetic res¬ 
onance imaging. Because functional asplenia can develop with 
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age [78] it is recommended that patients with heterotaxy syn¬ 
drome, even with documented multiple or solitary spleens, are 
monitored regularly for splenic function. 

Imaging 

The highly variable and often complex anatomy of heterotaxy 
requires a systematic segmental approach. 

Key elements 

Our proposed checklist involves determination of the following: 

• Abdominal visceral situs 

• Location of the heart in the thorax; orientation of the apex 

• Systemic venous connections, including hepatic veins 

• Coronary sinus septum 

• Anatomy and drainage of pulmonary veins 

• Atrial septum and atrial appendages 

• Atrioventricular connections 

• Ventriculo-arterial connections 

• Atrioventricular valve anatomy and function 

• Ventricular size, morphology, looping, and function 


• Size and location of ventricular septal defect(s), potential LV- 
to-aorta or -pulmonary artery baffle pathway in cases of trans¬ 
position of the great arteries with VSD or double-outlet right 
ventricle 

• Sources of pulmonary blood flow (including branch pul¬ 
monary arteries, patent ductus arteriosus, and aortopul¬ 
monary collaterals) 

• Systemic ventricular outflow tract for presence and type of 
obstruction 

• Aortic arch sidedness and branching pattern. 

The examination begins with subxiphoid imaging to evalu¬ 
ate the abdominal viscera and establish the sidedness of the 
abdominal aorta and inferior vena cava (Figure 29.15a-d). Sub¬ 
sequently, the location of the heart in the chest and the direc¬ 
tion of the cardiac apex are determined. The same principles 
as described earlier for imaging dextrocardia should be applied. 
Following these initial steps, the cardiac segments (atria, ventri¬ 
cles, and great arteries) and their connections (AV junction and 
conotruncus) need to be analyzed independently and character¬ 
ized in terms of situs and alignments following the principles of 
the segmental approach to diagnosis [79-81]. Starting with the 



Figure 29.15 Abdominal visceral situs, (a) Normal, (b) Abdominal visceral situs inversus: left-sided liver with inferior vena cava (IVC), right-sided 
stomach and right-sided descending aorta, (c) Abdominal visceral situs ambiguus consistent with asplenia syndrome: midline liver with IVC and 
descending aorta on the same side, (d) Abdominal visceral situs ambiguus consistent with polysplenia syndrome: midline liver with interrupted IVC and 
dilated azygos vein. 
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atrial situs, the right atrium is identified based on the following 
characteristics: 

1 The chamber receives a normal coronary sinus (not unroofed) 

2 The chamber receives the venae cavae (the suprahepatic seg¬ 
ment of the inferior vena cava, in cases of interruption) 

3 The chamber has a larger, more anterior, broad-based, and tri¬ 
angular atrial appendage 

4 The septal surface comprises the septum secundum 

5 The chamber has an identifiable crista terminalis. 

Based on the above criteria, Van Praagh and Van Praagh were 
able to correctly diagnose atrial situs in 100% of their post¬ 
mortem cases of polysplenia syndrome, 100% of cases of right¬ 
sided spleen, and 81% of cases of asplenia syndrome [82]. In the 
remaining cases of asplenia syndrome, the inferior vena cava and 
the larger and more anterior appendage were contralateral; the 
diagnosis of situs ambiguus was made in those cases. 

The inferior vena cava, hepatic veins, and their atrial connec¬ 
tions as well as the abdominal aorta and the azygos vein termi¬ 
nation to the superior vena cava are best seen from subxiphoid 
long- and short-axis views (Figure 29.16a,b) [83]. The hepatic 
vein connections can also be imaged from apical views angled 
inferiorly toward the abdomen. The superior vena cava on either 
side can be imaged using subxiphoid, suprasternal, and high 
parasternal views [84]. Subxiphoid views are also good for the 
imaging of pulmonary venous connections below the diaphragm 
(Figure 29.17a). Due to the high frequency of pulmonary venous 
obstruction, especially in asplenia syndrome, Doppler assess¬ 
ment of pulmonary venous flow is of paramount importance. To 
increase the sensitivity of the interrogation, filter settings should 


be low, and each vein should be interrogated by color flow map¬ 
ping distal to the orifice for turbulent or high-velocity flow. In 
cases of pulmonary vein stenosis the Doppler flow pattern is 
no longer laminar and triphasic; instead, it becomes turbulent 
and continuous (Figure 29.17b) with a pattern reminiscent of a 
patent ductus arteriosus [85,86]. 

Imaging of the atrial appendages to determine their size and 
location can be attempted from subxiphoid and parasternal 
short-axis views, but the internal anatomy is difficult to ascer¬ 
tain. The malpositioned septum primum is seen well from sub¬ 
xiphoid long-axis and apical 4-chamber views [60]. 

Imaging of the AV canal area is described in detail in Chap¬ 
ter 15. The valve apparatus should be carefully evaluated for 
abnormalities of the number, size, and location of the papillary 
muscles, especially in right isomerism/asplenia syndrome [71]. 
Ventricular size and morphology need to be evaluated from all 
available views; the method for determining the identity of the 
ventricles and the ventricular looping has been described earlier 
(see Chapter 3). The outflow tracts can be imaged from subx¬ 
iphoid views, apical views angled anteriorly and high paraster¬ 
nal views. The main pulmonary and branch pulmonary arter¬ 
ies should all be measured. If aortic outflow tract obstruction is 
present, coarctation should be suspected. 

In cases with sub optimal transthoracic windows and an 
inconclusive diagnosis, transesophageal echocardiography is 
recommended [87,88]. In such cases, cardiac magnetic reso¬ 
nance imaging can also be considered as a noninvasive alterna¬ 
tive [89,90] with the additional capability of delineation of the 
splenic status and the bronchial tree anatomy. 



Figure 29.16 Systemic venous anomalies in heterotaxy. (a) Coronal maximal intensity projection of a magnetic resonance angiogram demonstrating 
dextrocardia, bilateral bidirectional Glenn anastomoses, and an interrupted inferior vena cava with separate connections of the right hepatic veins (RHV) 
and left hepatic veins (LHV) in a patient with asplenia syndrome, double-outlet right ventricle {S,L,L}, and right aortic arch. LPA, left pulmonary artery; 
LSVC, left superior vena cava; RPA, right pulmonary artery; RSVC, right superior vena cava, (b) Subxiphoid short-axis image showing a left-sided inferior 
vena cava (IVC) crossing to the right and receiving all hepatic veins. This is a case of asplenia syndrome with a single right ventricle and severe pulmonary 
stenosis, status post-Fontan takedown. LA, left atrium; RA, right atrium. 
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Figure 29.17 Infradiaphragmatic total 
anomalous pulmonary venous connections, (a) 
Subxiphoid long-axis 2D. (b) Color Doppler 
images of a vertical vein that accepts all 
pulmonary veins and is directed below the 
diaphragm into the hepatic portal venous 
system with mild flow acceleration (mean 
gradient of 4-5 mmHg). 



(b) 


Prenatal assessment 

The most common reasons for referral in cases of fetal hetero¬ 
taxy syndrome are abnormal position of the stomach and/or 
heart, identified by obstetrical ultrasound examination, and 
fetal bradycardia. Prenatal diagnosis of heterotaxy syndrome has 
greatly improved over the last years, although the diagnosis of 
hepatic venous and inferior vena cava connections is still not 
as accurate, with correct diagnosis achieved in 62-67% of cases 
[91]. With respect to clinical outcomes, prenatal diagnosis does 
not appear to confer any survival advantage in either asplenia 
or polysplenia syndromes [91], but it offers prospective parents 
valuable time to reach an informed decision when they are faced 
with the diagnosis of severe cardiac anomalies. 


In cases of left isomerism/polysplenia syndrome, heart block 
and extracardiac anomalies (biliary atresia, gastric volvulus, 
bowel malrotation) are risk factors for fetal and neonatal loss, 
and long-term survival is reported at 14-52% [51,91,92]. It is 
known that heterotaxy syndrome patients with heart block have 
significantly lower ventricular rates compared with those with 
other structural lesions or patients with isolated CAVB. The 
lower ventricular rate in combination with the structural abnor¬ 
malities appears to be a significant risk factor for perinatal loss 
[93]. In rare cases, association of left isomerism/polysplenia syn¬ 
drome with ventricular noncompaction has been described both 
pre- [94] and postnatally [95,96]. In right isomerism/asplenia 
syndrome diagnosed prenatally, long-term survival is reported 
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at 13-16% [91,97], mainly due to the complex intracardiac 
anomalies and the high surgical mortality of neonatal repair. 

In evaluating the fetus for possible heterotaxy syndrome, it 
is essential to follow the same comprehensive approach as for 
postnatal imaging. The first step is to determine the fetal lie and 
position and, thus, distinguish the left and right side of the fetus 
and the relative position of the thoracic and abdominal organs. 
Dextrocardia is relatively common in heterotaxy syndrome and 
should be ruled in or out early in the examination. Identifi¬ 
cation of atrial appendage morphology as well as the systemic 
venous connections will aid in differentiating between the two 
subgroups of heterotaxy syndrome. The atrial appendages [98] 
can be visualized from the 4-chamber view angled cranially. In 


left isomerism/polysplenia syndrome, the inferior vena cava is 
usually interrupted, and the dilated azygos can be identified pos¬ 
terior to the aorta; in right isomerism/asplenia syndrome the 
inferior vena is intact and typically on the same side of the spine 
as the aorta. Anomalous pulmonary venous connections, more 
commonly seen with right isomerism/asplenia syndrome, may 
be difficult to detect in utero, especially in cases with pulmonary 
stenosis or atresia (Figure 29.18; Video 29.10). With the color 
scale appropriately set to detect low flow rates and a narrowed 
sector to increase the frame rate, it is feasible to arrive at an accu¬ 
rate diagnosis (Figure 29.19; Video 29.1 1) of even the most com¬ 
plex forms of pulmonary venous abnormalities [99]. The intrac¬ 
ardiac anomalies associated with heterotaxy syndrome are easy 




Figure 29.18 Fetal heterotaxy syndrome with 
total anomalous pulmonary venous 
connections (TAPVC). Fetal echocardiogram at 
26 weeks’ gestation with (a) 4-chamber (b) 
long-axis images demonstrating unobstructed 
TAP VC. The individual pulmonary veins form 
a confluence behind the left atrium and drain 
via a vertical vein to the left superior vena cava. 
In addition to TAPVC, this fetus was diagnosed 
as having levocardia with abdominal situs 
inversus, tricuspid atresia (segmental set 
{I,D,D}), pulmonary atresia, hypoplastic right 
ventricle (HRV) and systemic venous 
anomalies (left-sided intact inferior vena cava 
and bilateral superior venae cavae). PA, 
pulmonary artery; PV, pulmonary valve. 
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(c) 

Figure 29.19 Fetal obstructed total anomalous pulmonary venous connections, (a) Fetal echocardiogram at 22 weeks’ gestation with an axial image 
showing bilateral superior venae cavae, an anterior aorta, and a right-sided thoracic descending aorta, (b) Cranial angulation of the previous image reveals 
the obstructed oblique vein that drains the pulmonary veins to the right superior vena cava (RSVC)-right atrial (RA) junction, (c) Long-axis image shows 
a prominent azygos arch draining into the left superior vena cava (LSVC). The inferior vena cava was intact and left-sided. The diagnosis also included 
double-outlet right ventricle {I,D,D}, complete common atrioventricular canal and pulmonary stenosis. Ao, aorta; Asc, ascending; Desc, descending; LA, 
left atrial; MPA, main pulmonary artery; PA, pulmonary artery. 


to identify (Figure 29.20), and ductal dependency can be accu¬ 
rately predicted. Complete heart block is readily identified in the 
fetus because of the fetal bradycardia (heart rate <110 beats per 
minute); the methods of assessment of fetal rhythm disturbances 
are described in Chapter 42. Briefly, utilizing pulsed Doppler 
and M-mode techniques, one can estimate atrial and ventricu¬ 
lar contraction rates, ratio (normally 1:1, higher in cases of 2nd 
or 3rd degree AV block) and synchrony (dissociation in cases of 
complete heart block). 

Detailed prenatal diagnosis allows for appropriate family 
counseling. Because right isomerism/asplenia syndrome, in 
particular, is currently considered one of the worst forms of 


congenital heart disease [ 100], it is very important to arrive at an 
accurate diagnosis in a timely manner and to be able to delineate 
all management options for the families. 

Preoperative assessment 

In the majority of cases, right isomerism/asplenia syndrome 
requires a single ventricular palliative approach due to the com¬ 
plex cardiovascular anatomy [101,102]. Biventricular repair is 
only feasible in the rare cases with two balanced ventricles and 
suitable anatomy. In cases of borderline ventricular hypoplasia, 
calculation of ventricular volumes is very important preopera- 
tively, and a systemic-pulmonary shunt can be placed for the 
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Figure 29.20 Fetal heterotaxy syndrome with severe pulmonary stenosis, (a) Fetal echocardiogram at 27 weeks’ gestation with a 4-chamber view showing 
levocardia, common atrium and complete common atrioventricular canal, (b) Imaging of the ventricular outflows indicates the additional diagnoses of 
double-outlet right ventricle {A,D,D}, anterior aorta, and severe subvalvar and valvar pulmonary stenosis, (c) Coronal image demonstrates a dilated right 
azygos vein in the setting of an interrupted inferior vena cava. The cardiovascular findings in this fetus are most consistent with polysplenia syndrome. Ao, 
aorta; LV, left ventricle; RV, right ventricle; PA, pulmonary artery. 


purpose of increasing the ventricular volume to facilitate intra¬ 
ventricular rerouting in addition to providing a stable source of 
pulmonary blood flow [103]. 

The systemic venous anatomy requires special attention in all 
preoperative patients with heterotaxy syndrome. An intact infe¬ 
rior vena cava with a dilated azygos needs to be differentiated 
from interrupted inferior vena cava with azygos continuation in 
order to decide whether the azygos should be ligated [67]. An 
interconnecting venous sinus between the inferior vena cava and 
the hepatic veins below their separate entry to the heart needs to 
be ruled out prior to the Kawashima procedure [67,104]. It is 
also critically important to evaluate for bilateral superior venae 
cavae, and the presence of an interconnecting vein should be 


determined before deciding whether to perform a bilateral bidi¬ 
rectional Glenn anastomosis. The exact location of the entrance 
of the systemic veins to the heart needs to be determined in cases 
where a biventricular repair will be attempted and atrial septa- 
tion for separation of the pulmonary and systemic venous flow 
is necessary [105]. 

Totally anomalous pulmonary venous connection in right iso¬ 
merism/asplenia syndrome often presents with obstruction and 
may warrant emergency operation in the newborn period, with 
a high mortality risk [66,102,106,107]. The techniques for diag¬ 
nosis of pulmonary venous obstruction have been described 
earlier. Additionally, based on a study of totally anomalous 
pulmonary venous connection cases, the measurement of 
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individual pulmonary vein size and use of the indexed pul¬ 
monary vein sum can predict long-term survival and the prob¬ 
ability of intrinsic pulmonary vein abnormalities preoperatively 
[108]. In cases of obstruction, the need for simultaneous shunt 
placement may be underestimated. The reverse is also true: 
the relief of critical obstruction of pulmonary blood flow may 
unmask obstructed total pulmonary venous connections in het¬ 
erotaxy syndrome [109]. 

Before performing the Fontan operation, the degree of AV 
valve regurgitation needs to be assessed [110] because it affects 
surgical outcome. The ventricular septum should also be inter¬ 
rogated and the presence and type of VSD determined, especially 
in cases of double-outlet right ventricle, where the relation of the 
VSD to the aorta will determine the feasibility of an LV-aorta 
baffle repair. 

Postoperative assessment and imaging in the adult 

The main focus of the postoperative and follow-up examina¬ 
tions in patients with heterotaxy syndrome depends on the type 
of procedure performed. Because the majority of heterotaxy 
syndrome patients require staged single-ventricle palliation, the 
follow-up is as described in Chapter 27. The long-term prog¬ 
nosis is frequently dependent on the occurrence of complica¬ 
tions related to obstruction of the pulmonary veins, distortion 
of the pulmonary arteries, elevated pulmonary vascular resis¬ 
tance, atrioventricular valve regurgitation, or depressed ventric¬ 
ular function. After correction of totally anomalous pulmonary 
venous connection, the individual pulmonary veins require spe¬ 
cial attention for evidence of stenosis, both at the anastomotic 
site (Figure 29.21) and more distally in the lumen of the veins. 
Transesophageal echocardiography may be necessary for pul¬ 
monary venous imaging in the adult. 

The branch pulmonary arteries in the adult will frequently 
require imaging with cardiac magnetic resonance or computed 



Figure 29.21 Postoperative obstructed totally anomalous pulmonary 
venous connections (TAPVC). Subxiphoid short-axis image showing 
moderate to severe obstruction at the pulmonary venous anastomosis after 
infradiaphragmatic TAPVC repair. A Doppler cursor is positioned at the 
anastomotic site. 

tomography. Ventricular function and atrioventricular valve 
regurgitation (Figure 29.22) need to be carefully assessed and 
followed longitudinally to determine the timing and feasibility 
of surgical repair. Abnormalities of ventricular relaxation and 
compliance, easily detected with measurement of Doppler tis¬ 
sue imaging diastolic velocities, have been described both pre- 
and postoperatively, and can be present even before overt systolic 
dysfunction ensues [111,112]. Despite the improved success rate 
of corrective and palliative surgeries in recent years, mortal¬ 
ity remains high with 5-year survival rates ranging from 30- 
74% for right isomerism/asplenia syndrome and 65-84% for left 
isomerism/polysplenia syndrome [48,76,113]. In case of severe 
AV valve regurgitation, ventricular dysfunction, or extracar¬ 
diac complications such as protein-losing enteropathy, cardiac 


Figure 29.22 Apical 2D and color flow 
mapping focused on the common AV valve that 
shows severe regurgitation in this 20-year-old 
patient with heterotaxy syndrome (I,X,A(D)}, 
levocardia, common atrium, common 
ventricle, midline liver, bilateral superior venae 
cavae, left-sided inferior vena cava, totally 
anomalous pulmonary venous connections 
(TAPVC) to the base of the left superior vena 
cava, and severe pulmonary stenosis. Status 
post Blalock-Taussig shunt, TAPVC repair, 
bilateral bidirectional Glenn procedures with 
shunt takedown, and lateral tunnel Fontan 
procedure. This previously well patient 
presented with a one-year history of fatigue, 
chest pain, and palpitations. 
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transplantation maybe the only surgical option, and results have 
been encouraging with reported 5-year survival that favorably 
compares with results of palliative procedures [114]. 


Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 29.1 Subxiphoid long-axis sweep of situs inversus totalis 
{I,L,I} with a small membranous ventricular septal defect (arrow). 

Video 29.2 Right parasternal long- and short-axis views of situs 
inversus totalis {I,L,I} and a small membranous ventricular septal 
defect with left-to-right flow by color flow mapping. 

Video 29.3 LJRAA in the setting of double-outlet right ventricle 
{S,D,A}, critical tricuspid stenosis, RV hypoplasia, and severe sub¬ 
valvar and valvar pulmonary stenosis. 

Video 29.4 LJRAA in the setting of transposition of the great 
arteries {S,D,D}, small-to-moderate membranous ventricular sep¬ 
tal defect, and small secundum atrial septal defect. 

Video 29.5 Isolated ventricular inversion {S,L,S}. Transposition 
physiology is present due to atrioventricular discordance and 
ventriculo-arterial concordance. This infant presented shortly after 
birth with profound cyanosis. 

Video 29.6 Isolated ventricular inversion {S,L,S} short-axis sweep. 

Video 29.7 Anatomically corrected malposition apical 4-chamber 
and parasternal short-axis clips. Dextrocardia with anatomically 
corrected malposition of the great arteries {S,L,D}, atrioventricu¬ 
lar discordance, ventricular septal defect, and straddling left-sided 
tricuspid valve, s/p main pulmonary artery band. There is bilateral 
conus. The rightward and anterior aorta is committed to the right¬ 
sided LV, and the leftward and posterior pulmonary artery is com¬ 
mitted to the left-sided RV. 

Video 29.8 Heterotaxy syndrome with cardiovascular findings 
most consistent with asplenia. Asplenia syndrome with double¬ 
outlet right ventricle {A,L,L} in the setting of levocardia and 
abdominal visceral situs ambiguus. 

Video 29.9 Heterotaxy syndrome with cardiovascular findings 
most consistent with polysplenia. Polysplenia syndrome with com¬ 
mon atrium and partial atrioventricular canal {A,D,S} in the set¬ 
ting of mesocardia and abdominal visceral situs ambiguus. There is 
second-degree heart block with 2:1 atrioventricular conduction and 
ventricular rates of 50-55 bpm. 

Video 29.10 Fetal heterotaxy syndrome with total anomalous pul¬ 
monary venous connections (TAPVC). Fetal echocardiogram at 26 
weeks’ gestation. The individual pulmonary veins form a conflu¬ 
ence behind the left atrium and drain via a vertical vein to the 


left superior vena cava. In addition to TAPVC, this fetus was diag¬ 
nosed with levocardia with abdominal visceral situs inversus, tri¬ 
cuspid atresia (segmental set {I,D,D}), large conoventricular sep¬ 
tal defect, pulmonary atresia, hypoplastic RV (HRV), and systemic 
venous anomalies (left-sided intact inferior vena cava and bilateral 
superior venae cavae). 

Video 29.11 Fetal obstructed total anomalous pulmonary venous 
connection. Fetal echocardiogram at 22 weeks’ gestation. Asplenia 
versus single right-sided spleen with double-outlet right ventricle 
{I,D,D}, complete common atrioventricular canal, and pulmonary 
stenosis. The pulmonary veins drain to the right superior vena cava- 
right atrial junction via an obstructed oblique vein. Despite the fact 
that the IVC is intact, there is a prominent azygos arch draining into 
the left superior vena cava. 
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Definition 

The term coronary derives from the Latin root coronarius , 
which means crown. Indeed, the coronary arteries sit on the 
heart as a crown and they are the “crowning subject” of adult 
cardiology due to the prevalence of acquired coronary artery dis¬ 
ease. Although less of a preeminent subject in pediatric cardiol¬ 
ogy, coronary artery anomalies, with and without concomitant 
structural congenital heart disease, are an important topic for 
the pediatric cardiologist. This chapter reviews the echocardio¬ 
graphy of congenital coronary artery anomalies of importance 
to the pediatric cardiologist. Material pertinent to all congenital 
coronary artery anomalies is presented first, followed by mate¬ 
rial particular to each important anomaly. 


Developmental considerations 

Before the development of the coronary arteries, the loosely 
packed myocardium of the embryonic heart is nourished from 
the cavities by sinusoids. As the myocardium becomes more 
compact, veins and arteries develop within the epicardial layer, 
with the intramyocardial circulation developing within the 
myocardium itself. The key feature in development, however, 
is the growth of the arterial channels into two of the develop¬ 
ing aortic sinuses. It used to be thought that endothelial buds 
sprouted from the base of the developing arterial trunks to make 
contact with the epicardial network, itself derived from the pro- 
epicardial organ [1-5]. It was the elegant study of Bogers et al. 
[6], however, which showed that the arterial sprouts grow into 
the developing aortic sinuses rather than grow out from the 
arterial roots. This concept of ingrowth provides a much more 
rational basis for understanding the myriad patterns taken by 
anomalous coronary arteries. More recently, defects in Tbxl 
gene expression and development of the second heart field have 
been proposed as important to coronary artery patterning [7]. 
The development of the definitive coronary circulation begins 


at about 32 days’ gestation and is complete by about 45 days’ 
gestation. 

Normal coronary anatomy 

There are normally two major coronary arteries, which origi¬ 
nate from the right and left aortic sinuses of Valsalva. These 
sinuses are small outpouchings of the aorta between the sino- 
tubular junction and the aortic valve leaflets. There are normally 
three such sinuses; the third, or posterior, sinus of Valsalva is 
usually devoid of a coronary artery orifice. It is therefore called 
the noncoronary sinus of Valsalva. 

The left coronary artery 

The left main coronary artery arises from the left sinus of Val¬ 
salva and courses only a short distance (<4 cm in the adult) 
before dividing into the left circumflex and left anterior descend¬ 
ing coronary arteries (Figure 30.1). The left circumflex coro¬ 
nary artery varies considerably in size depending on whether 
the posterior descending coronary artery is a branch of the 
right coronary artery (right-dominant coronary system) or a 
branch of the circumflex coronary artery (left-dominant coro¬ 
nary system). If the posterior descending coronary artery origi¬ 
nates from the circumflex coronary artery (this occurs in about 
10% of patients), the circumflex coronary artery is large. In some 
patients with a dominant right coronary artery, the circumflex 
coronary artery may be fairly small. The circumflex coronary 
artery travels under the left atrial appendage and along the left 
atrioventricular groove. In 50% of cases, the sinus node artery 
arises from the left circumflex coronary artery. The sinus node 
artery courses under the left atrial appendage, penetrates the 
interatrial septum, encircles the base of the superior vena cava, 
and supplies the sinus node. When the sinus node artery is not 
a branch of the left circumflex coronary artery, it is a branch 
of the right coronary artery. Kugel’s artery may arise from the 
left circumflex coronary artery (alternatively, it may arise from 
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Figure 30.1 The normal left coronary artery system. LCX, left circumflex; 
LM, left main coronary artery; LAD, left anterior descending coronary 
arteries. 

the right or left main coronary artery) and courses through the 
interatrial septum, anastomosing with the artery to the atrioven¬ 
tricular node. Marginal branches arise from the left circumflex 
coronary artery and supply areas of the lateral wall of the left ven¬ 
tricle. These are called obtuse marginal branches. The left atrial 
circumflex artery may arise from the left circumflex coronary 
artery and supply the left posterior atrial wall. Occasionally, the 
sinus node artery can arise from the left atrial circumflex coro¬ 
nary artery. 

The left anterior descending coronary artery appears to be a 
direct continuation of the left main coronary artery rather than a 
branch of it. The left anterior descending coronary artery travels 
along the interventricular sulcus and may continue around the 
apex of the heart onto the posterior interventricular sulcus to 
anastomose with the posterior descending coronary artery. The 
left conus artery is the first branch of the left anterior descending 
coronary artery and may anastomose with the conal branch of 
the right coronary artery, forming the circle of Vieussens. Four 
to six septal branches of the left anterior descending coronary 
artery penetrate the ventricular septum and anastomose with 
posterior septal branches arising from the posterior descending 
coronary artery. The left anterior descending coronary artery 
gives rise to diagonal branches that supply the anterior sur¬ 
face of the right and left ventricles and the right ventricular 
infundibulum. 

The right coronary artery 

The right coronary artery arises from the right aortic sinus 
of Valsalva and courses behind the pulmonary artery beneath 
the right atrial appendage and along the right atrioventricular 
groove (Figure 30.2). At the acute margin of the heart, it turns 
posteriorly and caudally over the diaphragmatic surface of the 
heart. The branches of the right coronary artery include the right 
conal branch, the sinus node artery, an atrial branch, right ven¬ 
tricular muscle branches (acute marginal branches), posterior 
descending coronary artery atrioventricular node artery and 
septal branches. The right conus artery is the first branch of the 
right coronary artery in about 50% of cases; in the others, it arises 
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Figure 30.2 The normal right coronary artery system. SA, sinoatrial; AV, 
atrioventricular. 


directly from the right aortic sinus of Valsalva. The sinus node 
artery arises from the right coronary artery in 50% of cases and 
from the left circumflex artery in the remainder. The right ven¬ 
tricular free wall is supplied by several branches of the right coro¬ 
nary artery The largest of these branches is the acute marginal 
branch of the right coronary artery 

Around 90% of people have a dominant right coronary artery 
system, that is, the posterior descending coronary artery is 
a branch of the right coronary artery In the remainder, the 
posterior descending coronary artery originates from the left 
coronary artery The term “dominant right coronary artery 
system” refers only to the origin of the posterior descending 
coronary artery, not to the coronary artery that supplies most 
of the myocardium. Indeed, except in unusual circumstances, 
the majority of the myocardium is supplied by the left coronary 
artery regardless of the “dominance” of the coronary artery 
system. 

The posterior descending coronary artery supplies the lower 
portion of the ventricular septum. The septal branches of the 
posterior descending coronary artery anastomose with the sep¬ 
tal branches of the left anterior descending coronary artery. 
Muscular branches supplying the diaphragmatic portions of the 
right and left ventricles also arise from the posterior descending 
coronary artery The artery to the atrioventricular node origi¬ 
nates from the posterior descending coronary artery at or near 
the crux of the heart and travels cephalad to reach the atrioven¬ 
tricular node. 


Physiology 

The purpose of the coronary arteries is to provide a flow of 
oxygenated blood to the almost exclusively aerobic myocardium 
and a delicate balance is maintained between myocardial 
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Figure 30.3 The delicate balance between myocardial oxygen supply and demand and the factors that influence this balance. Source: Adapted from 
Ardehali A, Ports TA. Myocardial oxygen supply and demand. Chest 1990;98:699-705, with permission from The American College of Chest Physicians. 


oxygen supply and demand (Figure 30.3). Upsetting this 
balance produces myocardial ischemia and thus impaired 
ventricular contraction. The three primary determinants of 
myocardial oxygen demand are systolic wall tension, con¬ 
tractility, and heart rate. Pressure work increases myocardial 
oxygen consumption to a greater extent than does volume work. 
Myocardial oxygen supply is determined by the oxygen content 
of the blood and the coronary blood flow. Coronary blood flow 
is in turn determined by coronary perfusion pressure and by 
coronary vascular resistance. 

Coronary perfusion pressure equals coronary artery pres¬ 
sure minus downstream pressure and is different for differ¬ 
ent regions of the myocardium. In the absence of a fixed 
or dynamic obstruction in the coronary circulation, coronary 
artery pressure equals aortic pressure. Distal to such an obstruc¬ 
tion, coronary artery pressure and coronary perfusion pres¬ 
sure are reduced. Coronary vascular resistance is influenced by 
metabolic, humoral, and neural factors and also by autoregula¬ 
tion and by extravascular compressive forces. 

The importance of extravascular compressive forces as deter¬ 
minants of vascular resistance is unique to the myocardium. 
Myocardial wall tension is so great in the left ventricle dur¬ 
ing systole that sufficient extrinsic compression is placed on 
the coronary arteries to cause coronary vascular resistance to 
approach infinity and coronary blood flow to approach zero. 
Thus, the vast preponderance of coronary blood flow to the left 


ventricle occurs during diastole. Compressive forces exerted by 
the right ventricle are ordinarily far less than those of the left 
ventricle; therefore, coronary blood flow to the right ventricle is 
not interrupted during ventricular systole. However, such flow 
interruption may occur with right ventricular hypertension [8]. 

Normally, coronary blood flow far exceeds the metabolic 
demands of the myocardium; there is therefore a large safety 
margin to protect the heart from ischemia. This concept has 
been expressed as coronary flow reserve, which is the differ¬ 
ence between resting and maximal coronary blood flow at any 
given perfusion pressure. When coronary flow reserve is absent, 
ischemia ensues. Coronary flow reserve maybe decreased if rest¬ 
ing coronary blood flow increases or if maximal coronary blood 
flow decreases. Causes of an increase in resting coronary blood 
flow include exercise, anemia, hypoxemia, tachycardia, thyro¬ 
toxicosis, and ventricular hypertrophy. Causes of a decrease in 
maximal coronary blood flow include disease or occlusion of the 
large or small coronary arteries, an increase in left ventricular 
pressure without a corresponding increase in perfusion pressure, 
tachycardia, and polycythemia. All of these factors reduce coro¬ 
nary flow reserve and thereby increase the potential for myocar¬ 
dial ischemia [9]. 

The subendocardium is particularly susceptible to ischemia. 
This is due to this regions limited reserve for vasodilation, 
increased extrinsic compression from the higher wall stress 
to which it is subjected, and its resultant higher metabolic 
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demands. This region is therefore often the first to manifest 
ischemic changes. 

Echocardiographic features pertinent to all 
anomalies 

Goals of the examination and transthoracic 
imaging 

Two-dimensional echocardiography with color Doppler has 
become an important tool in the diagnosis and functional eval¬ 
uation of infants and children with suspected anomalies of the 
coronary arteries. In experienced hands, both transthoracic and 
transesophageal echocardiography can reliably image the proxi¬ 
mal coronary arteries. Generally, coronary artery branches can¬ 
not be delineated well by echocardiography. Although trans¬ 
esophageal echocardiographic imaging of the coronaries is sel¬ 
dom performed as the initial diagnostic study in the pediatric 
population, it is important to include a careful assessment of the 
coronary artery anatomy as part of any complete intraoperative 
study, given the association of coronary anomalies with differ¬ 
ent congenital heart defects, the dramatic consequences that a 
new coronary diagnosis can have on the operative plan, and the 
potential to avoid serious morbidity to the patient [10-12]. 

The goals of the examination for both transthoracic and trans¬ 
esophageal imaging are as follows: 

• Identify the origin of each major coronary artery (left anterior 
descending, circumflex and right). 

• Identify the proximal course of each major coronary artery. 

• Demonstrate direction of flow in each major coronary artery 
by color Doppler. 

• Evaluate global and regional left ventricular function. 

• Evaluate for mitral regurgitation. 

• Identify associated defects. 

Every echocardiographic examination should include evalua¬ 
tion of the origins and proximal courses of the coronary arteries 
[13]. Routine imaging of the coronary arteries in the course of 
an echocardiographic examination is important because coro¬ 
nary artery anomalies may be asymptomatic, they may be sur¬ 
gically important and prospectively identifying them may save 
lives. Decreasing the log compression of the instrument often 
allows more distinct identification of the coronary arteries. Most 
modern echocardiography machines have a factory preset that 
accomplishes this. The highest frequency probe that allows ade¬ 
quate penetration should be used. Often this will be a higher fre¬ 
quency probe than would typically be used for a particular view, 
as the coronary arteries are often in the near-field of the sector. 

The proximal coronary arteries may be imaged best in the 
parasternal long- and short-axis views and from subcostal coro¬ 
nal images. The origins and proximal courses of the vessels may 
be reliably seen, hence abnormalities of branching maybe appre¬ 
ciated. In the parasternal short-axis view at the base of the heart, 
both main coronary artery origins, often simultaneously, may 
be seen to arise from their respective sinuses of Valsalva (Figures 


30.4 and 30.5). Clockwise rotation of the probe is often necessary 
for optimal imaging of the left coronary artery and either clock¬ 
wise or counterclockwise rotation may be necessary for optimal 
imaging of the right coronary artery. These movements are very 
subtle. 

One commonly performed practice that should be stringently 
avoided when imaging coronary arteries is that of obtaining still 
frames of the arterial origins and making diagnostic decisions 
based upon these still images. With the anomalous aortic origin 
of a coronary artery from the pulmonary trunk or the aorta, the 
proximal coronary artery often approaches the appropriate sinus 
of Valsalva very closely, and resolving the thin tissue between the 
coronary arterial and aortic lumens can be difficult or impossi¬ 
ble in a still frame image. It is easy, therefore, to be falsely assured 
of a normal origin of the coronary artery when, in fact, the coro¬ 
nary artery arises anomalously from another location. 

From the parasternal long-axis view, leftward angulation of 
the probe allows visualization of the bifurcation of the left coro¬ 
nary artery and also a long length of the left anterior descending 
coronary artery in its epicardial course down the interventricu¬ 
lar septum (Figure 30.6). From the subcostal coronal (long-axis) 
view at the level of the aortic root, the proximal left and right 
coronary arteries may be visualized also (Figure 30.7). 

The distal portions of the coronary arteries may also be visual¬ 
ized from several views. The distal right coronary artery may be 
seen in the posterior right atrioventricular groove from an api¬ 
cal 4-chamber view (Figure 30.8), whereas the distal circumflex 
coronary artery may be seen in the same view in the posterior 
left atrioventricular groove. The posterior descending coronary 
artery is often best seen from an inferiorly angled parasternal 
long-axis view (Figure 30.9). 

In addition to the anatomic information discussed above, 
echocardiography may provide important functional informa¬ 
tion about the coronary arteries. The direction of flow in the 
coronary arteries may be demonstrated with color Doppler; 
this may provide pivotal information regarding anomalies of 
coronary artery origin from the pulmonary artery, as described 
later. Both systolic and diastolic function may be altered in cer¬ 
tain forms of congenital coronary artery anomalies and these 
parameters may be readily evaluated with echocardiography. 
Finally, regional wall motion abnormalities may be appreciated 
and thereby point to a specific area of perfusion deficit. Newer 
modalities such as regional strain and dyssynchrony imaging 
may also prospectively identify an abnormal myocardial seg¬ 
ment and be an important “clue” to further investigate coronary 
blood flow to that region [14]. 

Prenatal assessment 

Rarely can the coronary arteries be seen well in fetal imaging. 
The exception would be congenital coronary artery anomalies 
that lead to significant dilation of the coronary arteries and/or 
lead to abnormal flow from the coronary arteries into a car¬ 
diac chamber or great vessel. These situations hold in cases of 
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Figure 30.4 Parasternal short-axis image at 
the base of the heart. The left main coronary 
artery is seen arising from the aorta at the left 
sinus of Valsalva. The left anterior descending 
coronary artery (carets) and most proximal 
portion of the left circumflex coronary artery 
(arrow) are seen to arise from the left main 
coronary artery. The asterisk (*) marks the 
position of the intercoronary commissure of 
the aortic valve. 


coronary-earneral fistulae and these abnormalities have occa¬ 
sionally been noted on prenatal echocardiograms [15,16]. 

Imaging of the adult and alternative imaging 
techniques 

Cardiac catheterization with aortic root angiography or selec¬ 
tive coronary arteriography represents the gold standard in the 
diagnosis of many congenital coronary artery anomalies. It con¬ 
tinues to have the highest spatial resolution (0.2 mm) of all 
imaging modalities, compared with multislice computed tomo¬ 
graphic (CT) imaging (0.35 mm), cardiac magnetic resonance 


imaging (MRI) (varies by sequence), and echocardiography 
(variable depending on many factors) [17]. However, magnetic 
resonance coronary angiography and multislice CT imaging of 
the coronary arteries have become well-accepted noninvasive 
techniques for imaging coronary arteries in adults [ 18-20]. Mag¬ 
netic resonance imaging has the advantage of providing addi¬ 
tional information on cardiac function, differential coronary 
flow with adenosine stress testing, and presence of myocardial 
scar or infarction with delayed enhancement techniques. In con¬ 
trast, cardiac CT angiography can provide a higher level of spa¬ 
tial resolution and an assessment of the presence of coronary 



Figure 30.5 Parasternal short-axis image at 
the base of the heart. The proximal right 
coronary artery (arrow) is seen arising from 
the aorta at the right sinus of Valsalva. The 
asterisk (*) marks the position of the 
intercoronary commissure of the aortic valve. 
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Figure 30.6 Parasternal long-axis image 
angled leftwardly and superiorly toward the 
right ventricular outflow tract. The left main 
coronary artery is seen to arise from the aorta 
and branch into left anterior descending 
(carets) and left circumflex (*) coronary 
arteries. 



calcium, while advances in scanner equipment and gating per¬ 
mit the use of progressively lower doses of ionizing radiation 
[17]. Both are rapidly expanding into the pediatric population 
[21-23], but their use remains limited owing to the requirement 
for a relatively motionless, cooperative patient with a slow heart 
rate for proper gating of the images. Ongoing work is there¬ 
fore still needed for the younger pediatric population on scan¬ 
ning time, spatial and temporal resolution, and ionizing radi¬ 
ation dose reduction for these techniques to achieve their full 
potential usefulness. 


Congenital coronary artery anomalies 

A classification of congenital coronary artery anomalies is pro¬ 
vided in Table 30.1. Many other classifications are available [24]. 
One of the more extensive of these has been proposed by the 
Society of Thoracic Surgeons and the Congenital Heart Sur¬ 
geons’ Society [25,26]. These anomalies are numerous. Some are 
minor and some are life threatening. Some are present in oth¬ 
erwise normal hearts and some are often associated with spe¬ 
cific congenital heart lesions. Some are extremely rare, whereas 


Figure 30.7 Subcostal long-axis image with 
some counterclockwise rotation at the level of 
the left ventricular outflow showing a high 
origin (*) (just above the sinotubular junction) 
of the left main coronary artery (arrows) and a 
segment of the proximal right coronary artery 
in the anterior right atrioventricular groove 
(carets). The left circumflex coronary artery 
(LCx) is seen as a continuation of the left main 
coronary artery in the left atrioventricular 
groove. 
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Figure 30.8 Apical 4-chamber view of the 
anterior right atrioventricular groove showing 
a long length of the proximal right coronary 
artery (carets). 


others are relatively common. The remainder of this chapter dis¬ 
cusses the congenital coronary artery anomalies that are most 
important to the pediatric cardiologist. 

Minor variations in coronary artery anatomy 

Minor variations in coronary artery anatomy are those that 
are hemodynamically insignificant and not associated with 
an increased risk of sudden death [27]. Their presence must 
nonetheless be recognized in order to interpret coronary arte¬ 
riograms and echocardiograms properly, to avoid inadequate 
myocardial protection when cardioplegia is given selectively into 


the coronary orifices and to avoid injury to these anomalous 
arteries at the time of surgery. 

The most common minor variation in coronary artery 
anatomy is the origin of the left circumflex coronary artery 
from the right aortic sinus. After its aberrant origin, this 
artery courses posterior to the aorta to reach its normal area 
of distribution. This anomaly occurs in about 0.5% of indi¬ 
viduals undergoing coronary arteriography and is completely 
compatible with normal life. This anomaly is most often rec¬ 
ognized echo car diographically by seeing a horizontal linear 
lucency (the proximal aberrant circumflex coronary artery) 



Figure 30.9 Parasternal long-axis view angled 
interiorly to show the posterior descending 
coronary artery (carets). Asterisk (*) denotes 
the coronary sinus. RA, right atrium; RV, right 
ventricle. 
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Table 30.1 A classification of congenital coronary artery anomalies 


I Anomalies of coronary artery origin 

A Origin of one or more coronary arteries from the pulmonary 
artery (PA) 

1 Left main coronary artery (LMCA) from PA 

2 Right coronary artery (RCA) from PA 

3 Left circumflex coronary artery (LC) from PA 

4 Accessory coronary from PA 

5 RCA and LMCA from PA 

6 Single coronary artery from PA 

7 Origin of a coronary artery from a branch pulmonary artery 

B Anomalous origin of one or more coronary arteries from the aorta 

1 LMCA and RCA from right aortic sinus 

2 LMCA and RCA from left aortic sinus 

3 LMCA and RCA from posterior aortic sinus 

4 RCA and LC from right aortic sinus (or LC from RCA) and left 
anterior descending coronary artery (LAD) from left aortic sinus 

5 RCA and LAD from right aortic sinus (or LAD from RCA) and LC 
from left aortic sinus 

6 RCA from posterior aortic sinus and LMCA from left aortic sinus 

7 LMCAfrom posterior aortic sinus and RCAfrom right aortic sinus 

8 LAD and LC from a separate ostium in the left aortic sinus 
(absence of LMCA) and RCA from right aortic sinus 

C Origin of only one coronary artery from the aorta without origin of 
a coronary artery from the PA (single coronary ostium) 

1 From the right aortic sinus 

2 From the left aortic sinus 

3 From the posterior aortic sinus 
D Ostial anomalies 

A Abnormal number of ostia 

B Abnormal position of the ostia relative to the sinotubular junction 
C Intramural coronary artery 

II Anomalies of coronary artery course or distribution or anomalies 
intrinsic to the artery 

A Congenital coronary artery aneurysms 
B Congenital coronary artery stenosis 
C Congenital coronary artery hypoplasia 
D Coronary arterial loops 
E Myocardial bridges 

III Anomalies of coronary artery termination 

A Congenital coronary arteriovenous fistulae 
B Congenital coronary-camera I fistulae 

IV Coronary artery anomalies associated with congenital heart 
disease 

A Tetralogy of Fallot 
B D-transposition of the great arteries 
C L-transposition of the great arteries 
D Double-inlet left ventricle or univentricular heart 
E Double-outlet right ventricle 
F Truncus arteriosus 

G Pulmonary atresia with intact ventricular septum 
H Hypoplastic left heart syndrome 


coursing posterior to the aorta from the apical 4-chamber view 
(Figure 30.10). 

Variations in the number of coronary artery ostia are com¬ 
mon. In approximately 50% of cases, the right conus artery orig¬ 
inates from a separate orifice in the right coronary sinus. Less 
commonly, in approximately 1% of the general population, the 
left circumflex coronary artery has a separate orifice in the left 


coronary sinus [22,28]. Very rarely, these two anomalies occur 
together and produce four coronary ostia. 

Finally, variations in the position of the coronary artery ostia 
are also common. Normally, in adults, the coronary artery ostia 
are located just below the junction of the sinus and tubular por¬ 
tions of the aorta or within 1 cm above this point. However, ostial 
positions above or below this occur in up to 40% of individuals 
undergoing coronary arteriography. Such variations appear to be 
benign [24]. 

Anomalies of coronary arterial origin 

Anomalous left main coronary artery from the 

pulmonary artery 

History, incidence, and anatomy 

Anomalous left main coronary artery from the pulmonary 
artery (ALCAPA) is one of the most important congenital coro¬ 
nary artery anomalies for the pediatric cardiologist. Pulmonary 
artery origin of coronary arteries was first described by Brooks 
in 1886 [29] and was further discussed by Abbott in 1908 [30]. 
The first clinical description of this anomaly, however, was given 
eloquently by Bland, White, and Garland in 1933 [31] and the 
ALCAPA syndrome often bears the eponym Bland-White- 
Garland syndrome. 

This anomaly is rather rare. It occurs approximately once per 
300 000 live births and represents 0.5% of cases of congenital 
heart disease [32]. It generally occurs as an isolated anomaly but 
has been associated with patent ductus arteriosus, ventricular 
septal defects, atrioventricular canal defects, tetralogy of Fallot, 
coarctation of the aorta, hypoplastic left heart syndrome, and 
truncus arteriosus [33-40]. 

The left main coronary artery usually originates from either 
the left or the posterior sinus of the pulmonary artery. It can 
also originate more distally and even from the undersurface of 
the proximal right pulmonary artery. It then branches and dis¬ 
tributes in a manner analogous to a normally arising left coro¬ 
nary artery. It is therefore only the origin of the coronary artery 
that is abnormal. 

Physiology 

The physiology of this anomaly depends on the status of blood 
flow in the left coronary artery (Figure 30.11). Classically, four 
hemodynamic phases have been described [41-43]. In the first 
phase, pulmonary vascular resistance and pulmonary arterial 
pressure are high and the anomalous coronary artery is supplied 
by blood from the pulmonary artery. This occurs in the new¬ 
born period and does not produce myocardial ischemia. The 
second phase is the transitional period during which pulmonary 
vascular resistance and pulmonary arterial pressure fall. During 
this time, flow into the left coronary artery begins to be retro¬ 
grade, that is, from right coronary artery to left coronary artery 
via collaterals and left coronary perfusion pressure falls. Unless 
there is an extensive collateral circulation, signs and symptoms 
of myocardial ischemia occur during this time. The third, or 
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Figure 30.10 Apical 4-chamber view just 
posterior to the aortic root. An anomalous 
circumflex coronary artery arising from the 
right coronary sinus of Valsalva is seen 
crossing posterior to the aortic root (carets). 


adult, phase is one in which there is an extensive collateral cir¬ 
culation and adequate perfusion of the myocardium supplied by 
the left coronary artery. Blood flows from the right coronary 
artery into the left coronary circulation and then into the pul¬ 
monary artery. There are no signs of myocardial ischemia in this 
phase. In the fourth phase, the left coronary artery no longer 
functions as a “feeding vessel” to the left ventricular myocardium 
but rather as a conduit from the right coronary artery to the pul¬ 
monary artery. That is, there is “steal” of oxygenated blood from 


the arteriolar and capillary vessels of the left coronary circula¬ 
tion. Myocardial ischemia is thus produced. 

Not all patients pass consecutively through each of these 
phases. Indeed, most patients present in infancy during the 
transitional phase and never progress beyond this. A few 
patients have numerous collateral vessels between the right 
and left coronary arteries and pass unscathed through infancy 
to present in adulthood in phase three or four. The above 
schema nonetheless represents a useful framework for the 



Figure 30.11 Diagrammatic portrayal of varying functional states in anomalous origin of the left coronary artery from the pulmonary trunk, (a) During 
fetal life aortic (A) and pulmonary arterial (P) pressures are essentially equal. Flow in the anomalous artery is from the pulmonary trunk into the 
myocardium, (b) In early postnatal life pulmonary pressure has fallen below levels that pertain during fetal life. Rich intercoronary collateral channels have 
not yet developed. In this phase, flow through the anomalous coronary artery is probably at a low level. The anomalous vessel may be perfused either from 
the pulmonary trunk or from the right coronary artery through developing collateral systems, (c) In the final phase a rich collateral system has developed 
between the two coronary arteries. Characteristics of an arteriovenous fistula now pertain, with the major contribution to fistulous flow coming from the 
right coronary artery. Mediastinal arteries, which make communication with the coronary arterial system, may also contribute to such flow. Source: 
Adapted from Edwards JE. The direction of blood flow in coronary arteries arising from the pulmonary trunk. Circulation 1964529:164, with permission 
of Wolters Kluwer Health. 
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description of the varied physiologies with which these patients 
may present. 

Clinical features 

The majority of patients present in early infancy with failure to 
thrive, tachypnea, dyspnea, wheezing, diaphoresis, or angina¬ 
like episodes. In infantile cases, there is a 2:1 male to female pre¬ 
ponderance [10]. Classically, infantile angina is brought on by 
feeding and consists of “paroxysmal attacks of acute discomfort 
precipitated by the exertion of nursing,” and is sometimes also 
called “cardiac colic” [31]. Examination of such infants shows 
the signs of congestive heart failure. Either no systolic murmur 
or a very short grade 1-2 systolic murmur is heard. Occasionally, 
the murmur of mitral insufficiency may be the only presenting 
sign. The etiology of the mitral insufficiency is some combina¬ 
tion of ischemia or infarction of the mitral valve papillary mus¬ 
cles and stretching of the mitral valve annulus due to the dilated 
cardiomyopathy that ensues from ischemia. 

Occasionally, patients escape symptomatology in the infantile 
period. These are patients who have extensive collateral coro¬ 
nary arteries and they present either with a continuous murmur 
or with sudden cardiac death in later childhood or adulthood 
[12,44,45]. In one relatively large review of the adult experience 
with this lesion, the mean age at diagnosis was 41 years, with 
the oldest patient diagnosed at age 83 years. Most patients were 
symptomatic with congestive heart failure, ventricular arrhyth¬ 
mias, or sudden cardiac death and almost all had an abnor¬ 
mal ECG [46]. Another group of patients who escape symp¬ 
tomatology in the infantile period are those with ALCAPA syn¬ 
drome and a concomitant congenital or acquired heart disease 
that preserves or produces pulmonary hypertension [47,48], 
or patients with left main ostial stenosis limiting the coronary 
“steal” [49]. These patients may present with catastrophic left 
ventricular dysfunction following repair of the associated lesion 
if the anomalous left coronary goes unrecognized. 

Imaging preoperatively 

Echocardiographically, the findings comprise a dilated, 
hypo contractile left ventricle and a dilated left atrium. There 
is left ventricular hypertrophy, but the ratio of myocardial 
volume to end-diastolic volume in the left ventricle is low, 
that is, the degree of volume expansion is out of proportion to 
the degree of hypertrophy. The left ventricular dysfunction is 
generally global with specific regional wall motion abnormality 
[50]. All of these findings may be seen with myocarditis and 
dilated cardiomyopathy in addition to the ALCAPA syndrome. 
Hence the coronary arteries must be diligently evaluated in 
any patient who presents with the above two-dimensional 
echocardiographic findings. 

Two-dimensional imaging of the coronary arteries alone is 
inadequate to distinguish ALCAPA from these other conditions. 
The right coronary artery is often dilated in the ALCAPA syn¬ 
drome [51], with one study reporting a right coronary artery 
to aortic root ratio of greater than 0.2 highly specific for this 



Figure 30.12 Parasternal short-axis view at the base of the heart in a 
patient with anomalous left coronary artery from the pulmonary artery. 
Note how closely the left main coronary artery (carets) approaches the left 
aortic sinus of Valsalva (*). 

diagnosis [12,52], although this is not always appreciated. The 
left coronary artery may so closely approach the left aortic sinus 
of Valsalva that this coronary artery may appear to take its ori¬ 
gin from the aorta even when ALCAPA is clearly present. This 
“dropout” of an intervening wall between the left coronary artery 
and aortic root due to the limitations of ultrasound lateral res¬ 
olution is particularly confounding in the parasternal short- 
axis views. Color flow mapping of the coronary arteries, there¬ 
fore, is crucial to adding diagnostic certainty to the echocar¬ 
diographic examination in these conditions (Ligure 30.12). The 
direction of flow in the various segments of the left coronary 
artery is the differentiating feature and must be evaluated in any 
patient with the findings of a dilated, hypocontractile left ventri¬ 
cle (Video 30.1). Demonstration of an abnormal flow jet into the 
pulmonary artery combined with detection of retrograde flow 
in at least two of the three segments of the left coronary artery is 
highly reliable for diagnosing the ALCAPA syndrome (Ligure 
30.13; Video 30.2). Lurthermore, demonstration of antegrade 
flow in at least one segment of the left coronary artery is useful 
for excluding ALCAPA syndrome in patients with dilated car¬ 
diomyopathy [53]. Plow in the septal perforators is often promi¬ 
nent and represents one source of collateral coronary circulation 
(Ligure 30.14). In patients in whom color Doppler is not con¬ 
clusive, a brief (10 min) trial of supplemental oxygen can tran¬ 
siently increase the retrograde flow in the left coronary system 
and improve shunt visualization into the main pulmonary artery 
without compromising patient hemodynamic status [54]. 

Imaging intraoperatively and postop eratively 
Intraoperatively, transesophageal echocardiography is used to 
evaluate left ventricular function and mitral regurgitation. The 
anatomy is confirmed and the coronary artery origin is 
identified and the direction of coronary artery flow is 
demonstrated. Postoperatively, prograde flow from the aorta 
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into the left main coronary artery is affirmed. Recovery of left 
ventricular function and improvement of mitral regurgitation 
are followed with serial examinations [50]. 

The clinical and echocardiographic findings associated with 
ALCAPA are presented in Table 30.2. 

Anomalous right coronary artery from the 
pulmonary artery 

Anomalous origin of the right coronary artery from the pul¬ 
monary artery (ARCAPA) is much less common than ALCAPA, 
occurring in approximately 0.002% of the general population 
(Figure 30.15; Video 30.3). However, it is more commonly 


Figure 30.13 High parasternal axial image of the 
pulmonary valve (PV) and sinuses in a patient 
with anomalous left coronary artery from the 
pulmonary artery. Retrograde flow is seen in the 
left anterior descending coronary artery (blue) 
and in the left circumflex coronary artery (red) 
and flow is seen entering the left-facing 
pulmonary sinus (*). 

Table 30.2 Clues to ALCAPA diagnosis 


Congestive heart failure presentation in early infancy 
Severe left atrial and left ventricular dilation with abnormal systolic and 
diastolic function 

Left ventricular endocardial fibroelastosis changes 
Morphologically normal mitral valve with severe regurgitation 
Dilated right coronary artery (right coronary artery diameter to aortic root 
diameter ratio >0.2) 

Retrograde flow in 2 of 3 left coronary artery segments 
Prominent flow in septal perforators mimicking muscular ventricular septal 
defect 

Abnormal diastolic flow jet in main or right pulmonary artery, increased 
with supplemental oxygen trial 



Figure 30.14 Parasternal short-axis view at 
mid-ventricular level in a patient with 
anomalous left coronary artery from the 
pulmonary artery and a dilated left ventricle. 
Note the prominent retrograde flow in the septal 
perforator coronary arteries (carets). 
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(a) 


Figure 30.15 (a) Parasternal short-axis view at 
the base of the heart in a patient with 
anomalous origin of the right coronary artery 
from the pulmonary artery Note how closely 
the right coronary artery (carets) approaches 
the right aortic sinus of Valsalva (*). (b) 
Slightly more superior angulation shows that 
the right coronary artery (carets) bypasses the 
right aortic sinus of Valsalva to enter the 
pulmonary sinus of Valsalva, (c) Color 
Doppler in the right coronary artery shows 
retrograde flow in the coronary artery and 
flow entering the pulmonary artery (arrow). 



(b) 


associated with congenital heart disease (25-30% of cases) 
[55,56]; this makes it a clinically important addition lesion to 
diagnose. Reported associated congenital heart defects include 
aortopulmonary window, tetralogy of Fallot, ventricular septal 
defects, atrial and ventricular septal defects, double-outlet right 
ventricle, aortic coarctation, pulmonary stenosis, aortic stenosis, 
and patent ductus arteriosus [11]. 


There are many similarities between ARCAPA and ALCAPA 
in embryology, pathology, and physiology. The higher incidence 
of ALCAPA may be due to the closer proximity of the 
left coronary artery bud to the pulmonary artery sinus. On 
pathologic examination, the anomalous right coronary artery 
has been described as “thin-walled, dilated or vein-like,” with 
origins from the right anterior pulmonary sinus of Valsalva, 
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right posterior pulmonary sinus of Valsalva, or anterior main 
pulmonary artery Postnatal physiology may include similar 
“phases,” with the presence of insufficient collateral vessels pro¬ 
ducing myocardial ischemia as pulmonary vascular resistance 
decreases or adequate collateral vessels producing a “steal” phe¬ 
nomenon. “Massive” collaterals may overcome a “steal” effect 
but produce a greater left to right shunt. Other factors that may 
influence physiology include ostial stenosis, which may be pro¬ 
tective [57], at-risk myocardial territory, and the presence of 
other lesions that increase right ventricular myocardial oxygen 
demand [11,58]. 

The clinical spectrum of ARCAPA mirrors that of ALCAPA, 
although with a shift in the peak age of diagnosis to beyond 
infancy [11,55,59]. If no concurrent congenital heart disease is 
present, the diagnosis is most commonly made in childhood, 
with a murmur being the most common physical finding [11]. 
Almost half of patients are asymptomatic, with asymptomatic 
patients typically younger [59,60]. Symptoms, if present, may 
include angina, congestive heart failure, dyspnea, palpitations, 
myocardial infarction, myocarditis, and bradycardia [61]. How¬ 
ever, sudden cardiac death may occur and has been reported at 
any age [11,59,60]. The approach to echocardiographic imaging, 
again similar to ALCAPA, hinges upon a high index of suspicion 
combined with meticulous imaging of the right coronary artery 
origin and direction of color flow in this vessel or evaluation of 
any abnormal flow signals within the pulmonary root or main 
pulmonary artery [24,62-64] (Figure 30.15; Video 30.3). 

The clinical and echocardiographic findings associated with 
ARCAPA are presented in Table 30.3. 


Table 30.3 Clues to ARCAPA diagnosis 


Clinical presentation delayed beyond infancy, many asymptomatic with 
incidental murmur 

Higher association with other congenital heart defects 

Left atrial and left ventricular dilation with abnormal systolic and diastolic 
function 

Right ventricular endocardial fibroelastosis changes 

Dilated left coronary artery 

Retrograde flow in right coronary artery system 

Prominent flow in septal perforators mimicking muscular ventricular septal 
defect 

Abnormal diastolic flow in region of right anterior or right posterior 
pulmonary sinus of Valsalva or main pulmonary artery 


Coronary artery ostial atresia 

Very rarely, the left main coronary artery and its branches can 
have a normally developed epicardial course but atresia of the 
ostium at the aortic sinus of Valsalva. Alternatively named con¬ 
genital absence of the left main coronary artery (“CALM”), the 
resultant physiology is very similar to that for ALCAPA with 
collateral supply to the left coronary artery bed from the right 
coronary artery. The clinical presentation and clinical course are 
also similar to those for ALCAPA, with typical infantile heart 
failure and risk of myocardial infarction, arrhythmias, and sud¬ 
den death. This lesion is exemplary of the need to combine 2D 
and color Doppler imaging for coronary artery assessment, as 
the left coronary system will appear normal by 2D imaging up 
to the aortic sinus, often with enough “dropout” to be convinc¬ 
ing of a patent ostium, but with paradoxical retrograde flow in 
the left anterior or circumflex coronary arteries. As opposed to 
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Figure 30.16 Parasternal short-axis view with 
color comparison demonstrating apparent 
“normal” origin of the left main coronary artery 
from the aortic root, but retrograde color flow 
highly suspicious for ostial atresia of the left 
main coronary artery. Source: Adapted from 
Cohen MS, Herlong JR, Silverman NH. 

Echocardiographic imaging of anomalous origin 
of the coronary arteries. Cardiol Young 
2010;20(Suppl 3):26—34. Reproduced with 
permission of Cambridge University Press. 

ALCAPA, no separate diastolic jet will be seen entering the pul¬ 
monary arteries. This abnormality has been associated with ven¬ 
tricular septal defects, supravalvar aortic stenosis, and left ven¬ 
tricular noncompaction and can be successfully managed surgi¬ 
cally with long-term outcome dependent on the degree of pre¬ 
operative myocardial infarction [65] (Figure 30.16; Video 30.4). 

Other anomalies of pulmonary arterial origin of 
coronary arteries 

Either the left anterior descending coronary artery or the cir¬ 
cumflex coronary artery may take its origin from the pulmonary 
artery. Both anomalies are extremely rare but may be associated 
with signs of myocardial ischemia. An accessory coronary artery, 
most commonly a conus coronary artery, may also arise from the 
pulmonary artery; this is of no functional significance [66]. 

Origin of both coronary arteries from the pulmonary artery, 
either from separate orifices or as a single coronary artery, is 
another rare anomaly. Most of these infants present in the early 
neonatal period with profound heart failure and quickly suc¬ 
cumb to this. Longer survival has been described in infants with 
concomitant congenital heart disease associated with elevations 
in pulmonary artery pressure, oxygen saturation, or both [67]. 
Until recently, this anomaly has been uniformly lethal. Urcelay 
et al. reported successful repair in two infants by direct reim¬ 
plantation of the coronary arteries into the aortic root [68]. 

The left main coronary artery has also been found to originate 
from a branch pulmonary artery, and this has been successfully 
repaired [69]. 

Anomalous aortic origin of a coronary artery 

This group of anomalies is currently attracting wide attention, 
and this upsurge in awareness has largely been due to the 


increased ability of echocardiography to assess the origins and 
proximal courses of the coronary arteries and the establishment 
of such imaging as standard in the pediatric and congenital pop¬ 
ulations. Much work remains to be done in understanding the 
incidence and clinical importance of these varied anomalies. A 
registry has recently been established by a working group of 
the Congenital Heart Surgeons’ Society and prospective data are 
being obtained [70]. 

Anomalous aortic origin of the left coronary artery 
from the right coronary sinus 

Anomalous aortic origin of the left main coronary artery from 
the right coronary sinus or from the proximal right coronary 
artery is a rare lesion, but one of great clinical importance 
because it has been associated with sudden cardiac death in chil¬ 
dren and adolescents [66,71-73]. After its anomalous origin, the 
left main coronary artery may take one of four different routes: 

• anterior to the pulmonary artery 

• posterior to the aorta 

• in the interventricular septum beneath the right ventricular 
infundibulum (intraconal) 

• between the aorta and pulmonary artery (interarterial). 

Even rarer is anomalous origin of only the left anterior 

descending coronary artery from the right coronary artery or 
from the right sinus of Valsalva, but this anomaly probably has 
similar clinical behavior to anomalous origin of the entire left 
coronary artery system from the right coronary artery or the 
right sinus of Valsalva. 

Patients in whom the anomalous left main coronary artery 
takes an interarterial course appear to be at greatest risk for 
sudden death (Figure 30.17). Most such coronary arteries also 
have an intramural course and the length of this course has 
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Figure 30.17 Anomalous origin of the left main coronary artery from the 
right aortic sinus of Valsalva with an intramural and interarterial course. 
Note the slit-like orifice of the left main coronary artery. A, anterior; P, 
posterior; R, right; L, left. 

been correlated with symptoms [74]. The mechanism of such 
sudden death is acute myocardial ischemia, which is produced 
by embarrassment of flow in the left main coronary artery. 
This occurs most often during exercise, when myocardial oxy¬ 
gen demand is at its highest and the increased stroke volume 
causes outward expansion of the roots of both great vessels. The 
mechanism of obstruction to flow seems to be a combination of 
compression of the intramural portion of the left main coronary 
artery, compression of the left main coronary artery between the 
aorta and the pulmonary trunk, and worsening of the intrinsic 
narrowing or kinking at the anomalous ostium [66]. 

The most common presenting symptoms of individuals with 
anomalous aortic origin of the left main coronary artery from 
the right coronary sinus are syncope, presyncope, or chest 
pain associated with exercise. However, many patients with this 
anomaly are asymptomatic until sudden death occurs. In fact, 
coronary artery anomalies including anomalous left main coro¬ 
nary artery arising from the right coronary sinus join hyper¬ 
trophic cardiomyopathy as the most common cardiac anomalies 
associated with sudden cardiac death in adolescents and young 
adults. Exercise stress testing of patients with this anomaly may 
show myocardial ischemia but also may be completely nor¬ 
mal. Hence any evaluation of exercise-related syncope, presyn¬ 
cope, or chest pain must include definition of coronary arte¬ 
rial anatomy, and echocardiography is most often the imaging 
modality of choice [75]. 

Imaging 

Excellent definition of the origin and proximal course of the 
anomalous coronary artery may most often be achieved with 
echocardiography. The parasternal short-axis view at the base of 
the heart is the best view to appreciate both the relationship of 
the origin of the left coronary artery to the intercoronary com¬ 
missure and its often intramural course and also its relationship 


to the right ventricular outflow (Figure 30.18). Because of the 
extreme translation of the coronary artery origins during the 
cardiac cycle, the excellent temporal resolution of echocardio¬ 
graphy (compared with that of other noninvasive techniques) 
makes this the diagnostic technique of choice in most cases 
[76]. The extreme translation of the coronary artery makes diag¬ 
nosis in real time often difficult. Obtaining a loop that is one 
to several heartbeats in duration and then playing this back 
slowly is often of great help in visualizing the anomalous coro¬ 
nary artery and also discerning its relationship to the intercoro¬ 
nary commissure (Video 30.5). Color Doppler should be made 
to write in the intramural segment of the left main coronary 
artery. In fact, an abnormal jet seen during diastole over the 
space between the aorta and the pulmonary trunk often is the 
first indication of an abnormal coronary arterial course. A “dias¬ 
tolic hangup” of flow in this segment is characteristic. The inter¬ 
arterial course of the anomalous left main coronary artery can 
often be seen in the leftward-angled parasternal long-axis view 
(Figure 30.19; Video 30.6). 

In older patients with slower heart rates, both MRI and multi¬ 
slice CT have also proven useful [77,78]. If any question remains, 
coronary angiography is recommended, although this technique 
does not allow for completely unambiguous delineation of the 
proximal course of the coronary artery. 

Intraconal course of the left main coronary artery 
An intraconal (also known as intraseptal or intramyocardial) 
course of an anomalous left main coronary artery from the right 
sinus of Valsalva is much rarer, but since it is generally con¬ 
sidered benign, its recognition is important [71,79]. The key 
feature is seeing the “ground glass” appearance of muscle sur¬ 
rounding the proximal coronary artery. This may be accom¬ 
plished from a parasternal short-axis view. Additionally, the 
course of the coronary artery inferior to the pulmonary annu¬ 
lus should be demonstrated. This may best be accomplished 
from a leftward-angled parasternal long-axis view. The “ham¬ 
mock sign” described in angiographic studies maybe seen from a 
modified apical view. Color Doppler imaging should be obtained 
to rule-out any stenosis which may be present in the intraconal 
course (Videos 30.7 and 30.8). 

Anomalous aortic origin of the right coronary artery 
from the left coronary sinus 

Until recently, anomalous aortic origin of the right coronary 
artery from the left coronary sinus was considered a benign vari¬ 
ant. It is reported less often than anomalous aortic origin of the 
left main coronary artery from the right coronary sinus, but its 
true incidence is probably greater than this better-recognized 
anomaly [66,80]. It is common for the anomalous right coro¬ 
nary artery to pass between the great vessels, although other 
courses are possible. Such a course provides the anatomic sub¬ 
strate for myocardial ischemia in an manner identical with that 
with anomalous aortic origin of the left coronary artery from the 
right sinus. Although presentation with sudden cardiac death 
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Figure 30.18 Parasternal short-axis view at the 
base of the heart in a patient with anomalous 
origin of the left main coronary artery from 
the right aortic sinus of Valsalva. The 
intramural and interarterial course of the left 
main coronary artery is apparent (carets). The 
asterisk (*) marks the location of the 
intercoronary commissure. LAD, left anterior 
descending coronary artery; LCx, left 
circumflex coronary artery. 



not preceded by other symptoms is less likely with this anomaly 
than with anomalous origin of the left coronary artery from the 
right sinus of Valsalva, up to one-fourth of individuals with an 
anomalous right coronary artery found at autopsy died suddenly 
and unexpectedly and almost one-third of them died of car¬ 
diac causes [81]. Operative intervention for anomalous origin 
of the right coronary artery from the left sinus in asymptomatic 
patients is controversial but is performed in a number of insti¬ 
tutions [82-84]. 

Imaging 

This anomaly is most often diagnosed by echocardiography 
either as an unexpected finding or as part of an evaluation for a 
patient with chest pain or exercised-induced syncope. It is found 
using the same principles as for anomalous aortic origin of the 
left coronary artery from the right coronary sinus of Valsalva 
in that the parasternal short-axis view allows the determination 
of the anomalous origin and proximal course of the right coro¬ 
nary artery. In this entity, an unusually high origin of the anoma¬ 
lous right coronary artery (at or slightly above the sinotubu- 
lar junction) is common. It is the origin of the coronary artery 
with respect to the intercoronary commissure that determines 
the aortic sinus from which the coronary artery arises. When 
the origin is above the commissural post, sweeping superiorly 
from a view that shows the intercoronary commissure to a view 
that shows the coronary origin is necessary to demonstrate the 
sinus of origin from a short-axis view. When the origin is high, 
takedown of the intercoronary commissure during an unroof¬ 
ing procedure is usually not necessary; hence this identification 
is surgically important [85]. Identifying the origin in relation to 


the sinotubular junction is best accomplished in the paraster¬ 
nal long-axis view or in a long-axis transesophageal echocardio- 
graphic view (Figure 30.20; Video 30.9). We have found trans¬ 
esophageal echocardiography to be the imaging procedure of 
choice if anomalous aortic origin of a coronary artery is sus¬ 
pected but not definitively diagnosed by transthoracic imaging. 

Postoperative imaging of anomalous aortic origin of a coronary 
artery 

In patients who have had an unroofing procedure for repair of 
anomalous aortic origin of a coronary artery, it is necessary post - 
operatively to evaluate for aortic insufficiency due to potential 
distortion of the aortic valve. One should also demonstrate flow 
from the appropriate aortic sinus into the coronary artery (Fig¬ 
ure 30.21). 

Single coronary artery 

This anomaly may be defined as one in which a single coro¬ 
nary artery arises from a single ostium in one of the aortic 
sinuses of Valsalva and follows the peripheral course and 
distribution of one or both right and left coronary arteries or 
follows an abnormal distribution [24]. This is a rare anomaly 
in individuals with an otherwise normal heart but was made 
publicly well known by the untimely death of “Pistol” Pete 
Maravich due to sudden cardiac death related to a single right 
coronary artery [86]. Classification schemes for single coro¬ 
nary artery have been proposed by Smith [87], Ogden and 
Goodyer [88], and Shirani and Roberts [89]. The last scheme 
is most complete and describes three features of the coronary 
circulation: the sinus of origin of the single coronary artery, 
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(a) 



Figure 30.19 (a) Leftward-angled parasternal 
long-axis view of the left coronary artery in a 
patient with anomalous origin of the left main 
coronary artery from the right aortic sinus of 
Valsalva. The interarterial course is 
demonstrated (carets). RVOT, right ventricular 
outflow tract, (b) Color Doppler demonstrates 
prograde flow in the interarterial segment of 
the left main coronary artery (carets). Ao, 
aortic root; RVOT, right ventricular outflow 
tract. 


the presence or absence of an aberrantly coursing coronary 
artery, and the course of the aberrantly coursing coronary 
artery if present. It is crucial to distinguish the presence of 
a single coronary artery, with normal prograde flow to all 
three major branches, from atresia of the left main coronary 
artery, in which there is collateral flow to the left coronary 


circulation and a much greater risk of left ventricular 
ischemia [65]. 

The majority of patients with a single right coronary artery 
are asymptomatic. Indeed, the anomaly is compatible with a 
normal life. Whether people with this anomaly are particularly 
prone to atherosclerotic disease is controversial [90]. Clearly, 
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Figure 30.20 Long-axis transesophageal 
echocardiogram at the level of the ascending 
aorta in a patient with anomalous origin of the 
right coronary artery from the left aortic sinus 
of Valsalva. The origin of the right coronary 
artery (arrow) is seen just at the sinotubular 
junction. 



however, the consequences of atherosclerotic occlusion of a sin¬ 
gle coronary artery are dire. Patients with a single right coronary 
artery with an aberrant left coronary artery (or branch of the left 
coronary artery) that courses between the great vessels seem to 
be at particular risk for sudden cardiac death. The pathophysi¬ 
ology of this phenomenon is probably the same as that for sud¬ 
den death related to anomalous aortic origin of the left coronary 
artery from the right coronary artery, as discussed earlier. 

A single coronary artery in a patient with an otherwise struc¬ 
turally normal heart is almost always an incidental finding. The 


origin and proximal course of each of the three major coronary 
arteries should be confirmed in multiple views when a single 
coronary artery is suspected. 

Anomalies of coronary artery course or 
distribution and anomalies intrinsic to the artery 

This heading encompasses a diverse group of coronary artery 
anomalies, each of which is rare, but all of which deserve men¬ 
tion because of their potential importance to the pediatric car¬ 
diologist. 


Figure 30.21 Parasternal short-axis view at the 
base of the heart in a patient who has 
undergone an unroofing procedure for repair 
of anomalous origin of the left main coronary 
artery from the right sinus of Valsalva. Color 
Doppler demonstrates prograde flow into the 
left main coronary artery from the left aortic 
sinus of Valsalva (arrow). The asterisk (*) 
denotes the position of the intercoronary 
commissure. 
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Congenital coronary artery aneurysm 

Congenital aneurysm of a coronary artery accounts for roughly 
17% of all coronary artery aneurysms [91]. The majority of coro¬ 
nary artery aneurysms are secondary to atherosclerotic disease, 
associated with congenital coronary-earneral fistulae, associ¬ 
ated with Kawasaki disease, or of infectious or traumatic etiol¬ 
ogy. Congenital coronary artery aneurysm is thus a diagnosis of 
exclusion that may be made after these other more common eti¬ 
ologies have been ruled out. 

Congenital coronary artery aneurysms are considered to be 
caused by a deficiency of the elastic elements in the media of the 
coronary arteries [92]. Patients with this anomaly present with 
signs and symptoms of myocardial ischemia, particularly dur¬ 
ing exercise. The diagnosis may be suggested on chest radiog¬ 
raphy by an abnormal bulge on the cardiac silhouette or by the 
presence of calcific rings along the distribution of the coronary 
arteries. Definitive diagnosis is made by coronary arteriography 
or with evolving CT or MRI techniques [93-95]. 

Complications of congenital coronary artery aneurysms 
include rupture of the aneurysm, myocardial infarction from 
embolization of clots from the aneurysm to the more distal coro¬ 
nary artery, and infective endocarditis. Such complications may 
be prevented by surgical therapy [24,96-99]. 

Echocardiographic evaluation of congenital coronary 
aneurysms is accomplished just as it is in the evaluation of 
coronary aneurysms associated with Kawasaki disease. This is 
covered in Chapter 38. 

Anomalies of coronary artery termination 

Congenital coronary-cameral and 
coronary-arteriovenous fistulae 

These lesions have the same physiology and are therefore dis¬ 
cussed together. A coronary-cameral fistula involves an abnor¬ 
mal fistulous connection between a coronary artery and a car¬ 
diac chamber, whereas a coronary-arteriovenous fistula involves 
such a connection between a coronary artery and one of the 
great veins entering the heart. Not strictly included under this 
nominal rubric but in the same category of lesions is a coronary 
artery-to-pulmonary artery fistula. Hereafter in this chapter, all 
of the above entities are called simply coronary arteriovenous 
fistulae (CAVFs). 

History, incidence, anatomy, and embryology 
Krause provided the first description of this anomaly in 1865 
[100]. Although it is uncommon, CAVF is one of the more 
common congenital anomalies of the coronary arteries. This 
entity accounts for 0.2-0.4% of congenital cardiac anomalies and 
roughly half of congenital anomalies of the coronary arteries 
[101-103]. From a different perspective, CAVF maybe found in 
up to 0.7% of adults with cardiac symptoms undergoing cardiac 
CT, with the majority of these fistulae draining to the pulmonary 
arteries [104]. 

About 60% of CAVFs originate from the right coronary artery 
and 40% from the left coronary artery; rarely, such a fistula may 


take its origin from both coronary arteries [24,101,105] or mul¬ 
tiple fistulae may be present [106]. In most cases (about 90%), 
the CAVF terminates in the right side of the heart [107]. While 
the exact order of the most common sites of drainage is evolving 
due to the increased use of cardiac CT, the right ventricle, right 
atrium, and pulmonary artery are most frequently involved, 
followed by the coronary sinus, left atrium, and left ventricle 
[104,106,108,109]. The site of termination of the fistula may be 
a single entry site, multiple entry sites, a plexiform communi¬ 
cation between the coronary artery and a cardiac chamber, or a 
side-to-side communication between the coronary artery and a 
cardiac chamber. The embryologic basis for CAVFs is postulated 
to be persistence of portions of the embryonic coronary sinu¬ 
soids that connect the primitive coronary arteries to the cardiac 
chambers [24,110] or persistence of a connection between the 
splanchnic vascular bed and the embryonic lungs for coronary 
to pulmonary artery connections [111]. Approximately 20% of 
patients with CAVFs also have congenital heart disease, as var¬ 
ied as ventricular septal defects, bicuspid aortic valve and coarc¬ 
tation to tetralogy of Fallot, transposition of the great arteries, 
atrial septal defects, and most commonly pulmonary atresia with 
intact ventricular septum [107,112,113]. 

Physiology 

The physiology of a coronary arteriovenous fistula varies with 
the chamber or vessel in which the fistula terminates. Coronary 
arteriovenous fistulae that terminate in the right atrium have the 
physiology of a pretricuspid left-to-right shunt, whereas those 
that terminate in the right ventricle or pulmonary artery have 
the physiology of a post-tricuspid left-to-right shunt. Those that 
terminate in the left atrium have a physiology similar to mitral 
regurgitation and those that terminate in the left ventricle have 
a physiology similar to aortic regurgitation. 

In addition to the above varied physiologies of CAVFs, each 
such fistula has the potential to produce a coronary artery steal. 
That is, blood is stolen from the coronary arterial bed distal to 
the insertion of the fistula because of the runoff of coronary arte¬ 
rial blood into the chamber or vessel of termination. Such a steal 
may cause myocardial ischemia or rarely infarction, especially in 
the setting of coexisting coronary artery disease [114-116]. 

The clinical presentation for CAVFs similarly varies by size 
and age. Farge CAVFs have been reported to cause abnormal 
chamber enlargement in fetal life and heart failure in child¬ 
hood [117-119]. However, most CAVFs do not present until 
adulthood, with murmurs, dyspnea, and fatigue as frequent fea¬ 
tures [106,113]. Fong-term consequences include the effects of 
chronic volume loading of the affected side of the heart, pre¬ 
mature coronary artery disease postulated to be secondary to 
local shear stress, infective endocarditis, and pulmonary hyper¬ 
tension [106,108,113]. Both catheter-based and surgical closure 
techniques are feasible, although residual connections have been 
found in up to 30% of patients, placing patients at risk of distal 
thromboembolism or distal occlusion [107,115,120]. 
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Figure 30.22 Parasternal short-axis view at the 
base of the heart in a patient with a 
coronary-cameral fistula from the right 
coronary artery to the right ventricle. The right 
main coronary artery (carets) is very dilated. 



Imaging 

Two-dimensional echocardiography shows dilation of the prox¬ 
imal portion of the coronary artery that feeds the fistula and 
chamber dilation consistent with the physiology of the partic¬ 
ular fistula (Figure 30.22). Occasionally, the fistulous connec¬ 
tion itself may be imaged, but fistula detection is greatly aided by 
color Doppler imaging [121] (Figure 30.23; Video 30.10). Often 
small CAVFs are first detected by abnormal diastolic flow into 
a right heart chamber or into the main or branch pulmonary 


arteries. These small fistulae are usually unexpected findings 
in an asymptomatic patient with no murmur and without dila¬ 
tion of any cardiac chamber or of the proximal coronary artery. 
Occasionally coronary-to-right ventricle fistulae are acquired 
following operative muscle resection, typically for surgery to 
relieve right ventricular outflow obstruction [122]. 

Intervention upon CAVFs requires detailed definition of the 
distal coronary artery anatomy, and this is not possible by 
echocardiography. Typically, selective coronary angiography is 


Figure 30.23 Apical 4-chamber view 
posteriorly at the level of the coronary sinus. 
Fistulous flow enters the right ventricular apex 
near the interventricular septum (arrow). The 
asterisk (*) indicates the coronary sinus. RA, 
right atrium; RV, right ventricle. 
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used, although CT or MRI angiography is becoming increas¬ 
ingly common. Transesophageal or intracardiac echocardiogra¬ 
phy may be used during or after transcatheter occlusion of a 
CAVF to document occlusion and to evaluate for potential wall- 
motion abnormalities related to ischemia as a complication of 
the occlusion [123]. 

Coronary artery anomalies associated with 
congenital heart disease 

Anomalies of coronary arteries are surgically important in 
numerous types of congenital heart disease and these associa¬ 
tions are discussed in the chapters on each individual lesion. 
It is worth emphasizing, though, that accurate delineation of 
the coronary artery anatomy is required in any patient who is 
to undergo surgery for congenital heart disease and remains 
important on subsequent examinations. It is necessary to make 
certain that a coronary artery anomaly does not place a major 
epicardial coronary artery in the region of surgical repair. Per¬ 
haps most important is the need to ensure that there is no 
abnormal origin of a coronary artery from the pulmonary artery 
[124], because the repair may change the physiology by decreas¬ 
ing the pulmonary artery pressure, thereby causing coronary 
steal and myocardial ischemia or infarction in the vulnera¬ 
ble period immediately upon weaning from cardiopulmonary 
bypass. One can avoid this catastrophic outcome by assidu¬ 
ous attention to coronary arterial anatomy in the preoperative 
echocardiogram. 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 30.1 Parasternal short-axis view at the base of the heart in 
a patient with anomalous left coronary artery from the pulmonary 
artery. Note how closely the left main coronary artery approaches 
the left aortic sinus of Valsalva. With the addition of color Doppler, 
retrograde flow is demonstrated in the left anterior descending 
coronary artery (LAD) and in the left circumflex coronary artery 
(LCCA). Ao, aortic valve; LCA, left main coronary artery; RVOT, 
right ventricular outflow tract. Source: Courtesy of Dr. Stephen 
Sanders. 

Video 30.2 High parasternal view oriented in the axial plane in a 
patient with anomalous left coronary artery from the pulmonary 
artery. Retrograde flow is noted in the left anterior descending coro¬ 
nary artery and in the left circumflex coronary artery, and also from 
the left main coronary artery into the left-facing sinus of the pul¬ 
monary artery. 

Video 30.3 Parasternal short-axis view in a patient with anoma¬ 
lous origin of the right coronary artery from the pulmonary artery. 
The proximal right coronary artery passes anterior to the right aor¬ 
tic sinus of Valsalva and enters the proximal pulmonary artery. The 


pulmonary sinus of origin cannot be determined from this view. 
With the addition of color Doppler, retrograde flow is demonstrated 
in the right coronary artery and also into the pulmonary artery. This 
movie demonstrates the value of obtaining a loop and slowing the 
playback to understand better the contiguity of the right coronary 
artery, which has a high amplitude of translation throughout the car¬ 
diac cycle. 

Video 30.4 2D and color Doppler comparison of ostial atresia of 
the left main coronary artery. 

Video 30.5 Parasternal short-axis view in a patient with anomalous 
origin of the left coronary artery from the right aortic sinus of Val¬ 
salva with an intramural and interarterial course. This movie again 
illustrates the utility of obtaining a cine loop and using a slow play¬ 
back. In this way, the origin of the coronary artery with respect to 
the intercoronary commissure of the aortic valve is understood, and 
the interarterial and intramural course is shown to advantage. With 
the addition of color Doppler, prograde flow is demonstrated in the 
intramural segment. 

Video 30.6 Anomalous aortic origin of the left main coronary 
artery from the right sinus of Valsalva (2). Leftward-angled paraster¬ 
nal long-axis view in a patient with anomalous aortic origin of the 
left main coronary artery from the right sinus of Valsalva with intra¬ 
mural and interarterial course. The interarterial course of the left 
main coronary artery is shown to advantage in this orientation, and 
color Doppler confirms prograde flow in this segment of the left 
main coronary artery. Note the typical “diastolic hangup” of color 
Doppler flow in the left main coronary artery. 

Video 30.7 Parasternal short-axis view in a patient with anoma¬ 
lous aortic origin of the left main coronary artery from the right 
aortic sinus of Valsalva with an intraconal course. Note that the left 
main coronary artery travels within the conal septum (the muscle 
between and below the semilunar valves) and does not conform to 
the aortic root as it would if their course were intramural. 

Video 30.8 Leftward-angled parasternal long-axis view in a patient 
with anomalous aortic origin of the left main coronary artery from 
the right aortic sinus of Valsalva with an intraconal course. Note 
the course of the left main coronary artery just proximal to the 
pulmonary valve. The “ground glass” appearance around the left 
main coronary artery is from muscle tissue. Source: Courtesy of Dr. 
Richard E. Lorber. 

Video 30.9 Anomalous aortic origin of the right coronary artery 
from the left sinus of Valsalva. Transesophageal echocardiogram 
from behind the base of the heart in a patient with anomalous 
aortic origin of the right coronary artery from the left sinus of 
Valsalva. Imaging begins in the short-axis of the aortic valve. The 
intramural and interarterial course of the right coronary artery is 
demonstrated, and color Doppler shows prograde flow into this seg¬ 
ment of the right coronary artery. The relationship of the origin of 
the right coronary artery to the intercoronary commissure is not 
demonstrated in this plane. This is because the origin is high; it is 
just at the sinotubular junction, as is illustrated in the next segment 
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of the clip, which depicts a longitudinal view of the aortic sinuses 
and ascending aorta. 

Video 30.10 Subcostal long-axis and apical 4-chamber views in a 
patient with a coronary-cameral fistula from the right coronary 
artery to the right ventricle. In the subcostal long-axis view, color 
Doppler demonstrates luxurious flow in a tortuous right coronary 
artery along the acute margin and diaphragmatic surfaces of the 
right ventricle. In the apical 4-chamber view, color Doppler demon¬ 
strates the termination of the fistula into the right ventricular apex 
via the interventricular septum. 
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Introduction 

Airway obstruction in children and its accompanying symptoms 
of stridor and respiratory distress can be caused by intrinsic 
abnormalities of the tracheobronchial tree and/or extrinsic com¬ 
pression of the airway Among the causes of the latter are selected 
abnormalities in the embryologic development of the aorta or 
pulmonary arteries that may be grouped together as vascular 
rings and slings. 

Vascular rings 
Definition 

A vascular ring is an anomaly of aortic arch development that 
results in complete encirclement of the trachea and the esopha¬ 
gus by vascular structures. Some of the vascular components of 
the ring may not be patent but rather consist of fibrous remnants 
such as the ductal ligament or an atretic segment of the aorta [1]. 

Incidence 

Because some vascular rings may not cause symptoms, their 
true prevalence is difficult to ascertain. They are clearly a 
rare anomaly and most evidence indicates that they represent 
approximately 1-3% of congenital cardiovascular anomalies [2]. 
In most but not all surgical case series, a double aortic arch is 
the most common vascular ring followed by a right aortic arch 
with an aberrant left subclavian artery and a left ductal liga¬ 
ment [3-8]. The latter type of vascular ring is likely the most 
common in the general population as it is typically looser and 
therefore patients may not meet criteria for surgery or may not 
be diagnosed. Usually, vascular rings are isolated abnormalities, 
although they may occur with other congenital heart disease, 
most commonly ventricular septal defect and tetralogy of Fal¬ 
lot [6]. 

Etiology 

The etiology of most vascular rings is unknown. Chromo¬ 
some 22qll deletions are associated with isolated aortic arch 


anomalies, including vascular rings, and also with conotruncal 
cardiac defects and noncardiac abnormalities [9]. 

Morphology and classification 

Developmental considerations 

Knowledge of the morphogenesis of the aortic arch system pro¬ 
vides a framework for understanding and classifying the wide 
variety of vascular rings [ 10,11]. In the early embryo, six paired 
arches form to connect the truncus arteriosus of the embryonic 
heart tube to the paired dorsal aortae, which fuse to form the 
descending aorta (Figure 31.1). In humans, the arches develop 
sequentially and persist or regress but are never all present 
simultaneously. In normal development, the first arches con¬ 
tribute to the external carotid arteries (Table 31.1). The second 
arches regress rapidly and only a portion remains to form the 
stapedial and hyoid arteries. The third arches become the com¬ 
mon carotid arteries and the proximal portion of the internal 
carotid arteries. The left fourth arch forms that part of the defini¬ 
tive left aortic arch between the left carotid and left subclavian 
arteries. The right fourth arch is incorporated into the proximal 
right subclavian artery. The fifth arches regress. For the sixth 
arches, the proximal parts form the branch pulmonary arter¬ 
ies and the distal portions join the pulmonary vascular tree to 
the descending aorta via bilateral ductus, with the right usually 
regressing completely to leave a left ductus arteriosus. Between 
the sixth arches (the ductus) and the descending aorta are the 
paired dorsal aortae, which connect to the descending aorta. The 
seventh intersegmental arteries arise from the dorsal aortae and 
become the left subclavian and the distal right subclavian arter¬ 
ies. When the right dorsal aorta regresses, as is usual, the defini¬ 
tive left aortic arch is formed. 

In conjunction with embryologic anatomy, the hypothetical 
double-arch model originally introduced by Edwards [12], and 
modified, simplified, and redrawn multiple times since, helps 
one to understand various arch anomalies (Figure 31.2). In this 
model, the ascending aorta divides into two arches, one passing 
to the right of the trachea and esophagus and the other to the 
left. These arches join posteriorly to form the descending aorta. 


Echocardiography in Pediatric and Congenital Heart Disease: From Fetus to Adult, Second Edition. Edited by Wyman W. Lai, Luc L. Mertens, Meryl S. Cohen and Tal Geva. 
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd. 
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Figure 31.1 Diagrammatic representation of normal aortic arch development at (a) 5 weeks, (b) 7 weeks, and (c) maturity. Roman numerals enumerate 
the embryonic aortic arches. Ao, ascending aorta; Lt, left; PA, main pulmonary artery; Rt, right; 7th IA, seventh intersegmental artery. 


From each arch there is a segment that gives rise to the right and 
left common carotids as the first branches on either side and the 
right and left subclavian arteries as the second branches on either 
side. A ductus arises from the proximal aspect of each subcla¬ 
vian segment. This model allows anomalies of the aortic arch to 
be conceptualized as variations in regression of segments of the 
hypothetical double arch. A further simplified line drawing is 
easily sketched and can be used in daily practice to depict almost 
every known arch anomaly (Figure 31.3). 


Anatomy 
Double aortic arch 

In a double aortic arch, both of the embryonic right and left 
arches persist, arising from the ascending aorta, passing on 
both sides of the trachea and esophagus and joining posteriorly 
to form the descending aorta, thereby completely encircling 
the trachea and esophagus (Figures 31.3a, 31.4 and 31.5; 
Videos 31.1, 31.2, and 31.3). A ductal ligament usually con¬ 
tributes to the ring and is most often left-sided. The carotid 
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Table 31.1 Normal development of the embryonic aortic arches 


Embryonic structure 

Outcome 

Truncus arteriosus 

Proximal ascending aorta and pulmonary root 

Aortic sac 

Distal ascending aorta, innominate artery, and 
arch to the origin of the left common carotid 
artery (proximal aortic arch) 

1st arch 

Portion of the external carotid artery 

2nd arch 

Portions of the hyoid and stapedial artery 

3rd arch 

Common carotid artery and proximal internal 
carotid artery 

4th arch 


Left 

Aortic arch segments between the left common 
carotid artery and left subclavian arteries (distal 
aortic arch) 

Right 

Proximal right subclavian artery 

5th arch 

Complete involution 

6th arch 


Left 

Proximal portion becomes the proximal left 
pulmonary artery; distal portion becomes the 
ductus arteriosus 

Right 

Proximal portion becomes the proximal right 
pulmonary artery; distal portion involutes 

Left dorsal aorta 

Aortic isthmus distal to the left subclavian artery 

Right dorsal aorta 

Cranial portion becomes the right subclavian 
artery distal to the contribution from the right 

4th arch; distal portion involutes 

Left 7th 

intersegmental artery 

Left subclavian artery 

Right 7th 

intersegmental artery 

Distal right subclavian artery 


and subclavian arteries arise separately from each arch and are 
usually symmetrically positioned around the trachea. The right 
arch is larger than the left in approximately 75% of cases and also 
typically higher [13]. Occasionally, a segment of an arch (usually 
the left) may be atretic with a fibrous cord either between the 
carotid and subclavian arteries or distal to the left subclavian 
artery. In such cases, the aortic arch branching pattern evident 
on imaging studies may mimic other aortic anomalies. 

Right aortic arch with an aberrant left subclavian artery 
In the hypothetical double-arch paradigm, a right aortic arch 
with an aberrant left subclavian artery is the result of regression 
of the left aortic arch segment between the left common carotid 
and subclavian segments (Figure 31.3e). As a result, the left sub¬ 
clavian artery originates as the last branch from the aortic arch, 
at a relatively posterior location, coursing behind the esopha¬ 
gus to the left arm. A left ductal ligament originates from a bul¬ 
bous dilation at the base of the left subclavian artery (termed the 
diverticulum of Kommerell) and attaches to the proximal left 
pulmonary artery, effectively pulling the diverticulum and left 
pulmonary artery towards each other, compressing the esopha¬ 
gus and trachea and forming a vascular ring (Figure 31.6; Videos 
31.4, 31.5, and 31.6). Rarely, the ductus arteriosus is right-sided 



Figure 31.2 Edwards’ hypothetical double aortic arch with bilateral ducti. 

and connects the right pulmonary artery to the right-sided aor¬ 
tic arch and thus no vascular ring is formed. In such cases, there 
is no diverticulum of Kommerell and the caliber of the left sub¬ 
clavian artery is uniform throughout. 

Right aortic arch with mirror image branching and a left ductus 
arteriosus 

A right aortic arch with mirror image branching has the first 
branch off the arch as the innominate artery followed by the 
right carotid and the right subclavian arteries (Figure 31.3d; 
Video 31.7). Typically, this is the end to the mirror image sym¬ 
metry of the normal left aortic arch as the ductus arteriosus usu¬ 
ally is left-sided, arising anteriorly from the base of the innom¬ 
inate artery (Videos 31.8 and 31.9) rather than posteriorly from 
the descending aorta. Less frequently, the ductus will arise from 
the descending aorta and connect to the proximal right pul¬ 
monary artery, yielding the true mirror image of the normal 
left aortic arch. Because in both of these cases there is no left¬ 
sided encirclement of the trachea and esophagus, neither forms 
a vascular ring. On occasion, however, the ductus or ligament 
arises from the right-sided descending aorta, stemming from a 
retroesophageal diverticulum, courses leftwards, and then con¬ 
nects to the proximal left pulmonary artery. A vascular ring is 
thereby formed from the right aortic arch, retroesophageal duc¬ 
tal diverticulum, and left-sided ductal ligament (Figure 31.7). 
Embryologically, this ring results from regression of a segment of 
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Figure 31.3 Simple line drawings illustrating how anomalies of the aortic arch can be conceptualized as variations in regression of segments of the 
hypothetical double arch. The jagged line indicates regression of that arch segment. AAo, ascending aorta; D, ductus; DAo, descending aorta; E, esophagus; 
LC, left carotid; LS, left subclavian; LSCA, left subclavian artery; MIB, mirror image branching; RC, right carotid; RS, right subclavian; RSCA, right 
subclavian artery; T, trachea. 


left dorsal aorta between the left seventh intersegmental artery 
(destined to become the subclavian artery) and the left sixth arch 
(destined to become the ductus arteriosus as well as the right 
sixth arch) (Figure 31.3f). 

Right aortic arch with a left descending aorta and a left 
ductus arteriosus 

In this type of vascular ring, there is a right aortic arch that 
curves leftwards to pass posterior to the esophagus and trachea 
and then joins a left-sided descending aorta. A left ductus arte¬ 
riosus or ductal ligament connects the descending aorta and the 
proximal left pulmonary artery, completing the vascular ring 
(Figure 31.8; Videos 31.10, 31.11, and 31.12). Note that unlike 
the more common type of right aortic arch in which the aorta 
descends to the right of the spine for some distance before grad¬ 
ually crossing to the left of the spine at about the level of the 
diaphragm, in this anomaly, the aortic arch itself crosses to the 


left and is posterior to the esophagus, after which it gives rise to 
the ductus arteriosus. Because of the course of the aorta, some 
authors have called this a “circumflex retroesophageal right aor¬ 
tic arch.” The arch vessel branching pattern may be either the 
left carotid artery followed by the right carotid, right subclavian 
and left subclavian arteries or the left innominate followed by 
the right carotid and right subclavian arteries. Developmentally, 
depending on the branching pattern, this anomaly results from 
either regression of the left fourth arch or left dorsal aorta dis¬ 
tal to the left subclavian artery (Figure 31.3g). The distal arch 
is composed of the retroesophageal right-sided dorsal aorta and 
the persistent left sixth arch (ductus) completes the ring. 

Left aortic arch with a right descending aorta and right 
ductus arteriosus 

This anomaly is nearly a mirror image version of the right aor¬ 
tic arch with a left descending aorta and left ductus arteriosus as 
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Figure 31.4 Drawing of a double aortic arch. The ring encircling the 
trachea and esophagus is comprised of the right and left aortic arches and 
the ductal ligament. 

mentioned above, but is less common. A left aortic arch courses 
posterior to the esophagus and trachea and to the right, lead¬ 
ing to a right-sided descending aorta. A ductus or ductal lig¬ 
ament connects the descending aorta and the proximal right 
pulmonary artery, completing the vascular ring (Figure 31.9). 
Developmentally, this anomaly results from the regression of the 
right fourth arch (segment between the right common carotid 
and right subclavian segments), persistence of the left dorsal 
aorta passing retroesophageally to a descending aorta beginning 
to the right of the spine and persistence of the right sixth arch 
(Figure 31.3h). 

Pathophysiology 

Vascular rings can cause varying degrees of compression of 
the trachea and esophagus. Mild tracheal compression may 
be asymptomatic. More significant involvement in younger 
patients may manifest as stridor, dyspnea, and a barking cough, 
all of which are worse during feeding or exertion [4-7]. “Reflex” 
apnea lasting seconds or even minutes may be triggered by 
feeding. Older children may have a history of chronic cough 
or wheezing misdiagnosed as asthma. Symptoms related to 
esophageal compression are less frequent and less well defined. 
They include vomiting, choking, and nonspecific feeding 
difficulties in infants and dysphagia and slow eating in older 
children. 

Imaging 

The diagnosis of vascular rings requires a high index of suspicion 
because of the relative infrequency of this entity compared with 


other conditions that cause respiratory distress in children, such 
as asthma, respiratory infection, and gastroesophageal reflux. 
Once suspected, diagnostic imaging studies should be obtained 
with the goals of (1) identifying the cause of a patient s symptoms 
by demonstrating the relevant vascular and airway anatomy 
and (2) preoperative planning. If video-assisted thoracoscopic 
surgery is available, it is important to determine whether the 
ring can be released by dividing ligamentous (nonpatent) or 
hypoplastic portions. This requires the diagnostician to have 
a high level of certainty regarding vessel caliber and patency 
throughout the ring. For both thoracoscopic and open surgery, 
the diagnosis must be established confidently enough to deter¬ 
mine whether a right, left, or midline approach is appropriate. 

Many imaging modalities are in use to evaluate vascular rings, 
including chest radiographs, barium contrast esophagograms, 
bronchoscopy, X-ray angiography, transthoracic echocardiog¬ 
raphy, computed tomography (CT), and magnetic resonance 
imaging (MRI). Development of a single universal diagnostic 
imaging algorithm is complicated by varying ages and modes 
of presentation and the numerous specialists involved in such 
cases. There are no reported studies that rigorously compared 
different imaging strategies with respect to accuracy, patient 
safety, and cost-effectiveness. In practice, a centers diagnostic 
testing algorithm is tailored to fit local expertise, experience, 
costs, and available technology. The approach is then individ¬ 
ualized to the patient taking into account severity of symptoms, 
previous findings, age, and other medical conditions. It is impor¬ 
tant to note that no imaging modality except direct visualization 
can reliably show ligamentous or atretic structures. Their pres¬ 
ence is typically inferred based on anatomic patterns, the posi¬ 
tion of vessels, and the presence of a diverticulum or dimple. 

Echocardiography can provide a good depiction of the rele¬ 
vant vasculature and in many cases is sufficient for diagnosis 
and surgical planning [14,15]. It has the additional advantage 
of being able to define associated cardiovascular anomalies. Its 
principal weakness is poor visualization of the airway and esoph¬ 
agus. In addition, not infrequently portions of the dorsal aor¬ 
tic arch may be obscured by the trachea and posterior vessels 
such as aberrant subclavian arteries may be difficult to visual¬ 
ize in their entirety. Because of these limitations, the evaluation 
for a vascular ring with echocardiography may be incomplete 
and additional imaging with CT or MRI may be indicated (Fig¬ 
ure 31.10; Videos 31.3 and 31.6). 

In practice, if a left aortic arch with a normal branching pat¬ 
tern is clearly demonstrated by echocardiography, a vascular 
ring is excluded. Note, however, that simply demonstrating the 
presence of a right aortic arch with mirror image branching does 
not always exclude a vascular ring. This pattern may be seen in 
rings such as right aortic arch with mirror image branching and 
a left ductus or a double aortic arch with an atretic left arch seg¬ 
ment distal to the left subclavian artery. Features that can help 
identify these uncommon vascular rings, such as tracheal nar¬ 
rowing and the presence of a dimple or diverticulum, are diffi¬ 
cult or impossible to detect by echocardiography. 
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Figure 31.5 Echocardiographic imaging of a double aortic arch. Echocardiogram using a suprasternal notch window, (a) Transverse view superior to the 
arch level illustrating the symmetric origins of the right and left carotid and subclavian arteries from their respective arches, (b) Transverse view 
demonstrating the right and left aortic arches with two-dimensional and color Doppler imaging, (c) Long-axis view of the unobstructed left aortic arch, 
(d) Long-axis view of the unobstructed right aortic arch. Note that by convention, right aortic arches are displayed with the right-left screen orientation 
inverted so that superior structures are positioned to the left on the screen. 


Echocardiography imaging protocol 

As with all medical procedures, proper preparation is paramount 
and will maximize the likelihood of success. The medical history 
and prior imaging studies should be reviewed. Sedation with 
appropriate monitoring should be used in those patients who 
are not able to cooperate for a comprehensive echocardiogram 
and is well tolerated even in patients with moderate degrees of 
stridor [14]. The suprasternal notch and high parasternal win¬ 
dows are the most useful for examination of the aortic arch and, 
typically, elevating the patients shoulders with a cushion so that 
the neck is extended approximately 30° optimizes the imaging. 
From either of these windows, it is useful to begin this por¬ 
tion of the examination with an axial (transverse) sweep of the 
transducer (i.e., marker directed to the patients left). The sweep 


begins inferiorly, showing the ascending aorta and superior vena 
cava in cross-section, passing superiorly through the pulmonary 
arteries and continuing through the aortic arch and its branches 
(Video 31.13). It is often necessary to reposition the transducer 
to follow best the branching of the vessels arising from the aor¬ 
tic arch. From these images, arch sidedness can be determined 
based on whether the transverse arch courses to the left (left 
arch) or right (right arch) of the trachea. The trachea is identified 
as an echo-bright structure (because it is air filled) that runs ver¬ 
tically in the midline (Figure 31.11). A left aortic arch will curve 
to the left as it is followed distally to a descending aorta that 
is positioned left of the spine (Video 31.13). However, because 
the ascending aorta is positioned relatively rightwards to start, a 
right aortic arch will be primarily directed straight posteriorly, 
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Figure 31.7 Drawing of a right aortic arch with mirror image branching 
and a left ductal ligament. The ring encircling the trachea and esophagus is 
comprised of the right aortic arch, retroesophageal ductal diverticulum, 
and left-sided ductal ligament. 

larger at its origin than the other vessels off the arch. One must 
be careful not to mistake the bifurcation of the superior vena 
cava into the subclavian and jugular veins for the innominate 
artery bifurcation. Demonstration of an arterial flow pattern in 
the vessels by pulsed-wave (PW) or color Doppler will help avoid 
this error. Note also that some patients, particularly those with 
a chromosome 22qll deletion, may have an unusually distal 
bifurcation. If bifurcation of the first branch off the arch can¬ 
not be demonstrated (i.e., it is not an innominate artery), the 
branch is usually a carotid artery and the echocardiographer 
should suspect the presence of an aberrant origin of the subcla¬ 
vian artery from the descending aorta. Other possibilities in this 
situation include double aortic arch and isolation of the subcla¬ 
vian artery. Efforts should be made to visualize the aberrant sub¬ 
clavian artery by imaging the proximal descending aorta from 
a suprasternal notch window, aiming the transducer towards 
the feet in an oblique coronal imaging plane (Videos 31.5 and 
31.14). The aberrant subclavian arises from the medial aspect 
of the descending aorta and crosses the midline and courses 
superiorly. Color Doppler imaging is useful in highlighting the 
vessel; blood flow in it will usually be towards the transducer 
(i.e., red). 


rather than rightwards, as it is followed distally to a descend¬ 
ing aorta that is usually positioned to the right of the spine (Fig¬ 
ure 31.11; Videos 31.4, 31.7, and 31.8). In a double aortic arch, 
the ascending aorta is seen to split into two arch vessels that 
course to the right and left of the trachea (Figure 31.5; Videos 
31.1 and 31.2). As the trachea can sometimes be difficult to iden¬ 
tify, some echocardiographers have found it helpful to highlight 
the esophagus by having the patient drink a liquid (preferably 
carbonated) and then use this as a midline landmark and substi¬ 
tute for the trachea to determine whether the arch passes to the 
left or right. 

The branching pattern of the aortic arch vessels should also be 
defined from the axial sweeps and can be of some help in iden¬ 
tifying arch sidedness. One can begin by determining whether 
the first (i.e., most proximal) vessel off the arch is an innominate 
artery by following it superiorly and laterally and demonstrating 
that it bifurcates into two vessels of nearly equal caliber - a com¬ 
mon carotid artery that continues into the neck and a subcla¬ 
vian artery that courses towards the shoulder (Videos 31.7 and 
31.13). To demonstrate bifurcation, it may be helpful to rotate 
the transducer to image the suspected innominate artery and 
branches in long-axis. The innominate artery is also typically 


Figure 31.6 Drawing of a right aortic arch with an aberrant origin of the 
left subclavian artery. The ring encircling the trachea and esophagus is 
comprised of the right aortic arch, base of the left subclavian artery 
(diverticulum of Kommerell), and the left-sided ductal ligament. 
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Figure 31.8 Drawing of a right aortic arch with mirror image branching, a 
left descending aorta, and a left ductal ligament. The ring encircling the 
trachea and esophagus is comprised of the right aortic arch, 
retroesophageal right-sided dorsal aorta, and left-sided ductal ligament. 

After demonstrating the bifurcation of the first arch branch, 
the other arch vessels and the location of the proximal descend¬ 
ing aorta should be identified. Echocardiographers should be 
familiar with two frequent normal variants of the left aortic arch. 
One is the common brachiocephalic trunk (also known as a 
bovine or ovine trunk) in which the innominate and left carotid 
arteries arise from a single origin [16]. The other is a separate 
origin of the left vertebral artery from the aortic arch proximal to 
the left subclavian artery rather than from the subclavian artery. 
Once the branching pattern of the aortic arch vessels is known, 
it can help confirm the sidedness of the arch. With the excep¬ 
tion of the very rare isolated or aberrant innominate artery, the 
first arch vessel contains a carotid artery opposite to the side of 
the aortic arch [1]. Thus, in a right aortic arch, the first (i.e., 
most proximal) branch should course to the left and either bifur¬ 
cate into left carotid and subclavian arteries as in mirror image 
branching (Video 31.7), or continue without bifurcating as the 
left carotid artery as in an aberrant origin of the left subclavian 
artery (Video 31.4). In a double aortic arch, the carotid and sub¬ 
clavian arteries arise separately from their respective arches. As 
a result, the initial axial sweeps often reveal a view of the aorta 
and its vessels with right-left symmetry that is characteristic of 
a double aortic arch (Figure 31.5a; Video 31.1). 

Having established the basic anatomy of the aorta, long-axis 
imaging of the arch is then performed in oblique sagittal planes 



Figure 31.9 Drawing of a left aortic arch with mirror image branching, a 
right descending aorta, and a right ductal ligament. The ring encircling the 
trachea and esophagus is comprised of the left aortic arch, retroesophageal 
left-sided dorsal aorta, and right-sided ductal ligament. 


with particular attention to the caliber of the various arch seg¬ 
ments and identifying obstruction. Some echocardiography lab¬ 
oratories by convention display long-axis images of right arches 
with the right-left orientation inverted so that superior struc¬ 
tures are positioned to the left on the screen (Figure 31.5c 
and d). This presentation may be accomplished by rotating the 
transducer 180° or by selecting a right-left inversion option on 
the echocardiography machine. Assessment of the arch from 
long-axis views should be complemented by spectral and color 
Doppler imaging. In patients with a double aortic arch, it is 
important to interrogate completely both arches for obstruction 
as one will frequently be smaller or have an atretic portion. Dif¬ 
ferentiation of the right from the left arch may be facilitated by 
careful sweeps from side to side. An active effort should also be 
made to identify arterial ducts, keeping in mind the variety of 
potential locations and that they may be bilateral. Finally, sub¬ 
costal imaging may be useful in identifying the position of the 
descending aorta relative to the spine. 

Prenatal assessment 

There are several reports describing the diagnosis of vascular 
rings by fetal echocardiography [17-24]. The overall approach 
to imaging is similar to that in postnatal echocardiography. 
Because the lumen of the trachea in the fetus is filled with fluid, 
it appears echo-dark and is often quite distinct. Another rela¬ 
tive advantage in assessing the fetus is that the ductus arteriosus 
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Figure 31.10 Double aortic arch with both arches patent. Volume rendered three-dimensional magnetic resonance angiogram viewed from (a) posterior 
and (b) superior vantage points, (c) MRI using fast spin-echo imaging and blood signal suppression in an oblique coronal plane illustrating tracheal 
compression by the right and left aortic arches which are seen in cross-section. LAA, left aortic arch; RAA right aortic arch; T, trachea. 
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(a) (b) 

Figure 31.11 Right aortic arch and mirror image branching. Echocardiogram using a suprasternal notch window, (a) Transverse view showing the 
transverse aortic arch (RAA) positioned to the right of the echo-bright trachea (T). (b) Transverse view superior to the aortic arch showing the arch vessel 
branching pattern. LC, left carotid artery; LIV, left innominate vein; LS, left subclavian artery; RC, right carotid artery; RS, right subclavian artery. 


is patent rather than ligamentous and therefore this component 
of the ring is easily visualized. A particularly careful assessment 
for a vascular ring should be made in any fetus with congenital 
heart disease or with a diagnosis of 22qll deletion. Moreover, 
any fetus who has a vessel coursing posterior to the trachea has 
a high likelihood of a vascular ring [21]. 

Intraoperative assessment 

Once the diagnosis has been established, echocardiography has 
little role in intraoperative assessment during surgical division 
of vascular rings. 

Follow-up assessment 

Complications related to vascular ring division are rare, and 
those which occur, such as nerve damage, chylothorax, or 
incomplete ring division, are difficult to assess by echocardiog¬ 
raphy. Similarly, clinical issues in follow-up usually relate to air¬ 
way and swallowing symptoms and echocardiography is rarely 
helpful. 


Pulmonary artery sling 
Definition 

Pulmonary artery sling, also known as anomalous left pul¬ 
monary artery from the right pulmonary artery, is a vascular 
anomaly in which the left pulmonary artery arises aberrantly 
from the proximal part of the right pulmonary artery and 
courses over the right mainstem bronchus, posterior to the 
trachea and anterior to the esophagus, to reach the left hilum 
(Figure 31.12). This arrangement creates a vascular “sling” 
hooked around and often compressing the trachea but not the 
esophagus. 


Incidence 

Pulmonary artery sling is a very rare congenital malformation; 
reliable data on its prevalence have not been published. 


Etiology 

Pulmonary artery sling is a developmental malformation. A 
genetic association (Mowat-Wilson syndrome) has been iden¬ 
tified [25-28]. 





Figure 31.12 Drawing of a left pulmonary artery sling. The left pulmonary 
artery arises aberrantly from the proximal right pulmonary artery and 
courses posterior the trachea and anterior to the esophagus towards the left 
hilum. 
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Morphology and classification 

Developmental considerations and anatomy 

Normally, the distal pulmonary arteries arise for their respec¬ 
tive lung buds and join the proximal pulmonary arteries that 
have formed from the sixth aortic arch [10]. The embryology 
of the pulmonary artery sling has not been definitively identi¬ 
fied. It been hypothesized to occur when the proximal part of 
the left sixth arch regresses or fails to develop its normal con¬ 
nections to the left lung bud and a “collateral” vessel to the left 
lung develops. This vessel originates from the transverse portion 
of the right pulmonary artery, just to the right of the trachea, 
and then curves posteriorly and sharply to the left, superior and 
posterior to the right main bronchus and trachea, but anterior 
to the esophagus in its course to the left hilum and lung. The 
ductal ligament is positioned to the left of the trachea and con¬ 
nects the descending aorta to the distal main pulmonary artery. 
This anatomic arrangement causes constriction of the right main 
bronchus, the trachea, or both. In at least half of the cases, there 
are associated complete cartilaginous tracheal rings in which 
the posterior membranous portion of the trachea and proximal 
bronchi is absent and the tracheal cartilage is circumferential, 
the so-called “ring-sling” complex [29]. The complete cartilagi¬ 
nous rings may be localized to the area adjacent to the sling 
or extend throughout the trachea. Complete cartilaginous rings 
are often but not always associated with significant airway nar¬ 
rowing and may be an important source of airway symptoms in 
addition to the sling itself. Other abnormalities associated with 
left pulmonary artery sling include a tracheal origin of the right 
upper lobe bronchus (also known as bronchus suis), hypoplastic 
left pulmonary artery right lung agenesis, and atrial and ventric¬ 
ular septal defects [30,31]. 

Pathophysiology 

The airway narrowing associated with left pulmonary artery 
sling leads to respiratory stridor and distress that are often severe 
and typically manifest in the newborn period. In addition, left 
pulmonary artery hypoplasia can lead to decreased left lung per¬ 
fusion and pulmonary hypertension. 

Imaging 

Echocardiography can usually demonstrate the abnormal ori¬ 
gin of the left pulmonary artery and is sufficient to establish the 
diagnosis [14,15,32]. Because of the high incidence of tracheal 
anomalies other than simple compression by the sling, bron¬ 
choscopy is also warranted in most cases. This may be supple¬ 
mented by CT or MRI as needed to ensure that the trachea, 
bronchi, and pulmonary arteries have been completely assessed 
(Figure 31.13) [33-35]. Angiography and bronchography are 
rarely indicated. 

Echocardiography imaging protocol 

Echocardiography for diagnosing pulmonary artery sling 
focuses on imaging of the pulmonary arteries. The suprasternal 
notch and high parasternal windows are the most useful; posi¬ 
tioning the patient on their left side or elevating their shoulders 



Figure 31.13 Left pulmonary artery sling. MRI using fast spin-echo 
imaging and blood signal suppression in an axial plane, illustrating the left 
pulmonary artery arising from the right pulmonary artery and coursing 
posterior to the narrowed trachea. Note also the right lung hypoplasia and 
secondary dextrocardia. AAo, ascending aorta; DAo, descending aorta; 
LPA, left pulmonary artery; MPA, main pulmonary artery; RPA, right 
pulmonary artery; T, trachea. 

with a cushion may improve visualization. The abnormal origin 
of the left pulmonary artery is best appreciated by imaging 
in an axial (transverse) orientation (i.e., marker directed to 
the patients left). The origin of the left pulmonary artery is 
displaced to the right and appears as a vessel arising from the 
posterior or superior aspect of the right pulmonary artery 
(Figure 31.14; Video 31.15). The left pulmonary artery then 
curves leftwards and posterior to the echo-bright distal trachea 
and continues towards the left hilum. One should become sus¬ 
picious for this lesion when the proximal left pulmonary artery 
does not have its typical course in which it travels primarily 
posteriorly and only slightly leftwards, appearing nearly as a 
continuation of the main pulmonary artery Alternatively a 
left pulmonary artery sling can be missed by mistaking the left 
atrial appendage or a patent ductus arteriosus for a normal left 
pulmonary artery [32]. Imaging from a subcostal window in the 
coronal plane may also be used to demonstrate the course of the 
pulmonary arteries. Once the diagnosis has been established, 
the size of the pulmonary arteries should be measured from 2D 
images. Color Doppler is often useful in delineating the course 
of the pulmonary arteries and spectral Doppler assessment 
should be performed to estimate the degree of obstruction. 
Note that the maximal instantaneous gradient may be low in 
the setting of significant anatomic obstruction if most of the 
flow is into the right pulmonary artery 

Prenatal assessment 

Prenatal diagnosis of a left pulmonary artery sling is extremely 
rare. In principle, the same strategy as is applied to postnatal 
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Figure 31.14 Left pulmonary artery sling. 
Echocardiogram using a high parasternal 
window, a transverse orientation, and 
two-dimensional and color Doppler imaging. 
Note that the left pulmonary artery (LPA) 
arises from the right pulmonary artery (RPA) 
and courses leftwards and posterior to the 
faintly seen echo-bright trachea. 


assessment should be employed. One should make a concerted 
effort to visualize the main and branch pulmonary arteries in 
fetuses with pulmonary abnormalities. 

Intraoperative assessment 

Transesophageal echocardiography can be used intraoperatively 
to assess the branch pulmonary arteries. Particular attention 
should be paid postoperatively to evaluating the left pulmonary 
artery for obstruction. 

Follow-up assessment 

Patients who have undergone repair of a left pulmonary artery 
sling have a high incidence of left pulmonary artery steno¬ 
sis [36]. Accordingly, the branch pulmonary arteries should be 
assessed with 2D imaging and Doppler techniques and the right 
ventricular pressure estimated using the tricuspid regurgitation 
jet velocity and ventricular septal position. 

Innominate artery compression syndrome 
Definition and etiology 

Innominate artery compression syndrome refers to children 
with symptoms of airway obstruction who are found to have sig¬ 
nificant tracheal narrowing where the innominate artery passes 
anteriorly to it [37]. Typically, localized tracheomalacia with 
dynamic airway narrowing is found, but it remains controver¬ 
sial whether this is primarily an intrinsic airway problem. Some 
reports have attributed the tracheal narrowing to a more distal, 
posterior, and leftward origin of the innominate artery from the 
aortic arch; however, careful studies have not found this to be 
a consistent finding [38-40]. Others have proposed that medi¬ 
astinal crowding and an enlarged thymus gland contribute to the 
pathology. Innominate artery compression syndrome is rarely 
associated with congenital heart disease. 


Pathophysiology 

Presentation is in infancy with stridor that may be sufficiently 
severe to cause apnea or syncope. Feeding difficulties (e.g., poor 
weight gain, gastroesophageal reflux) and a history of esophageal 
atresia and tracheoesophageal fistula are common. 

Imaging 

Because echocardiography is poorly suited for the evaluation the 
trachea, it has little role in establishing a diagnosis of innomi¬ 
nate artery compression syndrome. Rather, this condition is best 
identified through a combination of bronchoscopy and CT or 
MRI. On bronchoscopy, there is a characteristic anterior pul¬ 
satile indentation of the trachea 1-2 cm above the carina. The 
trachea should be narrowed at least 50-75% during spontaneous 
respiration to attribute symptoms to this diagnosis. The imag¬ 
ing studies demonstrate the relationship of the aorta, innominate 
artery and thymus to the trachea (Figure 31.15). 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 31.1 Double aortic arch. Echocardiogram in a transverse ori¬ 
entation from a suprasternal notch window illustrating the sym¬ 
metric origins of the right and left common carotid and subclavian 
arteries from their respective arches and left and right dorsal arches 
which are similar in size. 

Video 31.2 Double aortic arch. Echocardiogram with two- 
dimensional and color Doppler imaging in a transverse orientation 
from a suprasternal notch window demonstrating right and left 
aortic arches which are similar in size. The echo-bright structure in 
the center of the arches is the air-filled trachea. 
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Figure 31.15 Innominate artery compression syndrome. MRI using fast 
spin-echo imaging and blood signal suppression in an axial plane, 
illustrating a narrow trachea with the innominate artery located anteriorly 
E, esophagus; IA, innominate artery; LCCA, left common carotid artery; 
LIV, left innominate vein; LSCA, left subclavian artery; T, trachea; TH, 
thymus. 


Video 31.3 Double aortic arch. Volume rendered three-dimensio¬ 
nal magnetic resonance angiogram demonstrating approximately 
equal-sized left and right aortic arches. Note that the right arch is 
positioned slightly more superiorly than the left arch. The trachea 
and esophagus are not depicted in this rendering; they would both 
be positioned inside the ring formed by the aortic arches. 

Video 31.4 Right aortic arch with an aberrant origin of the left 
subclavian artery. Echocardiogram in a transverse orientation from 
a suprasternal notch window demonstrating the transverse aor¬ 
tic arch coursing to the right of the echo-bright trachea. The first 
branch off the arch is the left common carotid artery. It courses 
leftwards and superiorly into the neck, where it is positioned just 
medially to the left jugular vein. The second and third branches off 
the arch are the right common carotid and right subclavian arter¬ 
ies, respectively. If, as in this case, there is a right aortic arch and the 
first branch off the arch fails to bifurcate into the left carotid and left 
subclavian arteries, this finding should raise suspicion for an aber¬ 
rant origin of the left subclavian artery. The aberrant left subclavian 
artery itself is not depicted on this imaging sweep. 

Video 31.5 Right aortic arch with an aberrant origin of the left sub¬ 
clavian artery. Echocardiogram with color Doppler showing a trans¬ 
verse to coronal sweep from a suprasternal notch window. The aber¬ 
rant origin of the left subclavian artery from the proximal descend¬ 
ing aorta is shown toward the end of the movie with its flow directed 
superiorly towards the transducer (red signal). 


Video 31.6 Right aortic arch with an aberrant origin of the left sub¬ 
clavian artery. Volume rendered three-dimensional magnetic reso¬ 
nance angiogram. Note that the left subclavian artery has a broad 
base at its origin (diverticulum of Kommerell) and then tapers more 
distally. 

Video 31.7 Right aortic arch with mirror image branching. 
Echocardiogram in a transverse orientation from a suprasternal 
notch window demonstrating the transverse aortic arch coursing to 
the right of the echo-bright trachea. The first branch off the arch is 
the left innominate artery, which is then seen to bifurcate into the 
left common carotid and left subclavian arteries. The second and 
third branches off the arch are the right common carotid and right 
subclavian arteries, respectively. 

Video 31.8 Right aortic arch, mirror image branching, and a left- 
sided ductus arteriosus from the innominate artery. Echocardio¬ 
gram in a transverse orientation from a suprasternal notch window 
demonstrating the transverse aortic arch coursing to the right of 
the echo-bright trachea and the left innominate artery bifurcating 
into the left common carotid and left subclavian arteries. The duc¬ 
tus arteriosus can be faintly seen coursing from the base of the left 
innominate artery to the proximal left pulmonary artery. 

Video 31.9 Right aortic arch, mirror image branching, and a left- 
sided ductus arteriosus from the innominate artery. This is a sim¬ 
ilar imaging sweep to that in Video 31.8, now with color Doppler. 
The ductus arteriosus is demonstrated (blue signal) flowing from 
the base of the left innominate artery to the proximal left pulmonary 
artery. 

Video 31.10 Right aortic arch with a left descending aorta and a 
left ductus arteriosus. Echocardiogram in a transverse orientation 
from a suprasternal notch window demonstrating the transverse 
aortic arch coursing to the right of the echo-bright trachea. The first 
branch off the arch is the left innominate artery, which is then seen 
to bifurcate into the left common carotid and left subclavian arter¬ 
ies. The second and third branches off the arch are the right com¬ 
mon carotid and right subclavian arteries, respectively. Note that the 
transverse aortic arch courses not only posteriorly but also slightly 
leftwards and that the proximal descending aorta is positioned pos¬ 
terior to the trachea. 

Video 31.11 Right aortic arch with a left descending aorta and a 
left ductus arteriosus. This is a similar imaging sweep to that in 
Video 31.10, now with color Doppler to highlight the anatomy. 

Video 31.12 Right aortic arch with a left descending aorta and 
a left ductus arteriosus. This is similar imaging sweep to that in 
Video 31.11 but with the color Doppler box positioned more left¬ 
wards. The proximal descending aorta is positioned to the left of 
the trachea and the ductus arteriosus arises from it and courses to 
the left of the trachea to drain into the main pulmonary artery. 

Video 31.13 Left aortic arch with normal branching. Echocardio¬ 
gram in a transverse orientation from a suprasternal notch window 
demonstrating the transverse aortic arch coursing to the left of the 
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echo-bright trachea. The first branch off the arch is the right innom¬ 
inate artery, which is then seen to bifurcate into the right common 
carotid and right subclavian arteries. The second and third branches 
off the arch are the left common carotid and right subclavian arter¬ 
ies, respectively. 

Video 31.14 Left aortic arch with an aberrant origin of the right 
subclavian artery. Echocardiogram with color Doppler in a coro¬ 
nal orientation from a suprasternal notch window. The aortic arch 
is positioned to the left of the trachea and the aberrant origin of 
the right subclavian artery from the medial aspect of the proximal 
descending aorta is shown with its flow directed superiorly towards 
the transducer (red signal). 

Video 31.15 Left pulmonary artery sling. Echocardiogram with 
two-dimensional and color Doppler imaging in a transverse orien¬ 
tation from a high parasternal window. The left pulmonary artery 
arises from the right pulmonary artery and then courses posteriorly 
and leftwards. The trachea is located to the left of the left pulmonary 
artery origin but may be difficult to visualize by echocardiography. 
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Introduction 

The spectrum of connective tissue disorders has expanded sig¬ 
nificantly over the past decade. With increasing knowledge of 
the underlying genetic defects, new insights into the pathophys¬ 
iology and management have emerged. It has now been estab¬ 
lished that the clinical and genetic spectrum of “connective tis¬ 
sue disorders” is extensive. In addition to its structural role, 
the connective tissue is now known to be a key player in sig¬ 
nal transduction and in maintaining tissue homeostasis in many 
organ systems, including the cardiovascular system. In this chap¬ 
ter, we first provide a summary of these pathophysiologic pro¬ 
cesses, then we describe the cardiovascular features associated 
with inheritable connective tissue disorders. Basic knowledge of 
these features is indispensable for correct diagnosis and hence 
for correct management of these patients. 

Definition of connective tissue disorders 

Connective tissue 

“Connective tissue” refers to a complex structure or network 
present throughout the body, which is composed of cells (fibrob¬ 
lasts, smooth muscle cells) and the extracellular matrix (ECM). 
The ECM is a complex and highly heterogeneous structural 
entity. An important function of the ECM is to support and con¬ 
nect tissues and organs of multicellular organisms, but it is also a 
highly dynamic structure with diverse roles [1]. It can transmit 
specific environmental signals to cells, influencing their devel¬ 
opment, proliferation, migration, polarization, and metabolic 
functions. The ECM is also pivotal in regulating spatiotempo- 
ral bioavailability of growth factors and cellular signaling. Well- 
known examples are the ability to store TGF-P (transforming 
growth factor beta) and BMP7 (bone morphogenic protein 7) 
[2,3]. 

The constituents of the ECM are produced by cells specific to 
the tissue type. For instance, in the aorta they are synthesized 
by endothelial cells, smooth muscle cells, and fibroblasts. Varia¬ 
tions in the amounts of different macromolecules and in their 


organization give rise to tissue-specific properties. For exam¬ 
ple, in the aortic media concentric layers of elastic fibers provide 
extensibility to the blood vessel, whereas in the eye parallel bun¬ 
dles of fibrillin-containing microfibrils enable anchorage of the 
lens to the ciliary body. 

Connective tissue in the cardiovascular system 

Although extracellular matrix molecules are diffusely present in 
the endocardial and myocardial layers, the major sites of depo¬ 
sition of cardiac connective tissue are at the fibrous annulus of 
the semilunar and atrioventricular valves. Also, the leaflets are 
composed of different layers of connective tissue, covered by 
endothelial cells. The adult human aortic valve leaflets, for exam¬ 
ple, are composed of around 10-15% elastin and 45-55% col¬ 
lagen [4]. The composition of the ECM in blood vessels varies 
between different types of blood vessels (elastic or muscular 
arteries; small, medium, or large veins). Within blood layers 
(tunica intima, media, and adventitia), the ECM is composed 
of different molecules, each playing a specific role in maintain¬ 
ing structural and functional homeostasis. It is beyond the scope 
of this chapter to go into much detail, but we believe that it is 
important to provide some basic concepts, focusing on those 
molecules relevant for cardiovascular disease. 

The paradigm connective tissue disorder with cardiovascu¬ 
lar involvement is Marfan syndrome (MFS); a detailed descrip¬ 
tion of the cardiovascular features is provided in the follow¬ 
ing paragraph. Although the clinical recognition of the disease 
dates back to more than a century ago, it was not until the early 
1990s that the causal gene defect in the fibrillin-1 gene ( FBN1 ) 
was identified [5]. Fibrillin-1 had been identified shortly before 
through electron microscope studies as small-diameter fibrils 
(microfibrils) in the ECM located close to the basement mem¬ 
branes and also at the periphery of elastic fibers. Fibrillins are 
glycoproteins and were found to be long, flexible molecules [6]. 
Other proteins were identified as microfibril-associated proteins 
and overall, these molecules constitute the “fibrillin microfibril 
scaffold.” From an evolutionary perspective, fibrillin predates all 
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other microfibril proteins and was initially attributed a primarily 
structural role. Ongoing biochemical studies of molecular inter¬ 
actions in humans and mouse models of MFS, however, have 
nicely demonstrated that fibrillin also performs important func¬ 
tional roles, namely in regulating growth factors and in median- 
otransduction. Fibrillins play an important role in regulating 
TGF-P and also bone morphogenic protein (BMP) bioavailabil- 
ity. The initial concept of TGF-P regulation was based on the 
knowledge that the fibrillin-1 protein is homologous with the 
family of latent TGF-P-binding proteins (LTBPs), which serve 
to hold TGF-P in an inactive complex in various tissues, includ¬ 
ing the extracellular matrix [7]. Fibrillin-1 was shown to bind 
TGF-P and LTBPs [8-10]. Based on this observation, it was 
hypothesized that mutations in fibrillin-1 could lead to per¬ 
turbed sequestration of the inactive TGF-P complex [11], result¬ 
ing in the observed increased TGF-P signaling in several tissues 
in MFS patients and murine models for MFS. 

More recent studies demonstrated that an Fbnl mouse 
in which the LTBP binding site was deleted ( Fbnl H1A ) did 
not present features of MFS [12]. This observation refuted 
the importance of TGF-P sequestration by fibrillin-1 and an 
alternative hypothesis was proposed whereby mutant microfib¬ 
rils influence TGF-P activation in a different way. Increased 
TGF-P signaling is now considered as a marker of a final 
common pathway in the disease process. Mechanisms leading 
to activation of TGF-P signaling in cardiovascular disease are 
now considered to be more complex than initially thought. The 
role of the pathway also shows variations during the dynamic 
transition from aortic aneurysm predisposition to end-stage 
disease, such as dissection [13]. 

Using MFS as a model, human and mouse studies have now 
revealed that the fibrillin microfibril structure is sensed by 
the cells (both fibroblasts and vascular smooth muscle cells). 
These will consequently send a signal through integrins and 
the cytoskeleton, resulting in inappropriate remodeling and 
aneurysm formation via a common pathway of inappropri¬ 
ate TGF-P signaling [14,15]. These concepts of “mechanosens- 
ing” and subsequent “mechanotransduction” through interac¬ 
tion with cellular receptors such as integrins are now believed 
to be one of the key mechanisms in many of the cardiovas¬ 
cular manifestations in MFS and related disorders. These con¬ 
cepts were nicely summarized by Sengle and Sakai [16] and 
Humphrey et al. [17] and are illustrated in Figure 32.1. 

The initial concept of increased active TGF-P as a main driver 
of the disease led to the hypothesis of treating aneurysmal 
disease through inhibition of TGF-p. An initial experiment 
with TGF-P neutralizing antibodies in a mouse model for 
MFS showed a significant decrease in aortic root growth and 
restoration of normal aortic wall architecture. A seemingly very 
suitable candidate for TGFp inhibition in humans was losar- 
tan, an angiotensin receptor-blocking agent known to inhibit 
TGF-p signaling. A trial with losartan in MFS mice showed 
a significant reduction of aortic root aneurysm progression 
and improvement of aortic wall architecture in MFS mice 


compared to treatment with either placebo or propranolol [18]. 
A small study in children with severe MFS showed promising 
preliminary human results [19]. 

Encouraged by these very promising results, at least 10 ran¬ 
domized trials ensued, recruiting more than 2000 patients in 
total, spanning all age ranges. The initial results from an open- 
label trial in a pediatric age group and also in an open-label 
study in adult MFS patients showed a beneficial effect of the 
combined treatment with a beta-blocker and losartan [20,21]. 
However, doubts arose with the publication of the results of a 
large randomized trial in a young (1 month-25 years of age) 
MFS cohort, conducted by the Pediatric Heart Network compar¬ 
ing atenolol and losartan, showing no difference in aortic root 
growth rate between the two groups [22-24]. Very recently, the 
synergistic effect of losartan added to beta-blockers could not 
be reproduced in a large double-blind randomized controlled 
trial, questioning the synergistic effect of these two drugs [25]. 
The current recommendations are to continue considering beta- 
blockers as primary medical therapy for aortic protection in 
MFS. Losartan may be considered as a reasonable alternative, 
especially in patients who cannot tolerate beta-blockers [26]. 
These results also further emphasize that the exact contribution 
of TGF-P in the process of aneurysm formation needs to be care¬ 
fully reassessed. 

From a clinical perspective, additional evidence for the 
involvement of the TGF-p pathway in aneurysmal disease 
was provided by the findings that mutations in several genes 
encoding different components of the TGF-P pathway result in 
aneurysmal diseases that have a significant clinical overlap with 
MFS. The Loeys-Dietz syndrome (LDS) was the first one to 
be identified and was shown to be caused by mutations in the 
TGF-p receptor 1 and 2 genes ( TGFBR1 and TGFBR2 ). In its 
most typical form, LDS is characterized by the triad of aortic 
root aneurysm/arterial tortuosity with bifid uvula/cleft palate 
and hypertelorism (widely spaced eyes). In 2011, mutations in 
the SMAD3 gene involved in the TGF-P pathway were identi¬ 
fied in patients with a very similar phenotype but also presenting 
osteoarthritis, hence the name “aneurysm-osteoarthritis syn¬ 
drome” [27,28]. More recently, a family with juvenile polyposis 
associated with aortopathy and mitral valve disease was shown 
to be caused by SMAD4 mutations [29]. Finally, mutations in 
both the TGF-P 2 and the TGF-P 3 ligands were identified in sev¬ 
eral families displaying very similar phenotypes [30-33]. Vas¬ 
cular disease in these more recently identified disease entities is 
not limited to the aorta and there may be a tendency for a more 
aggressive course of the lesions compared with patients with 
MFS - at least in a subset of patients [34]. Initially, these observa¬ 
tions opened up useful opportunities for genotype-based treat¬ 
ment and management and it was recommended that patients 
carrying TGFBR1/2 mutations be referred earlier for prophylac¬ 
tic aortic root surgery. More recent studies have revealed, how¬ 
ever, that at least some patients with TGFBR1/2 mutations show 
a less aggressive course with a phenotype indistinguishable from 
classic MFS [35]. Based on these contradictory observations, the 
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Figure 32.1 Concept of mechanobiology underlying homeostasis in the thoracic aorta. Mechanical forces (blood pressure) imposed on the aortic wall will 
lead to a cellular and a molecular response. Vascular smooth muscle cells will undergo a phenotypic switch, changing from a contractile to a secretory 
phenotype. This will induce altered secretion of extracellular matrix components. Fibroblasts in the aortic adventitia will differentiate into myofibroblasts 
under the impulse of activated TGF-p. Following its release from the ECM, TGF-P binds to its type II cell surface receptor (TpRII), which recruits and 
phosphorylates the type I receptor (T(3RI). Subsequently both the canonical (Smad dependent, in purple) and noncanonical pathway (Erk dependent, in 
green) will be activated and will ultimately lead to the transcription of various TGF-(3-dependent genes, such as connective tissue growth factor (CTGF), 
plasminogen activator inhibitor-1 (PAI-1) and multiple collagens. Extracellular matrix components will also interact with integrins on the cell surface and 
will subsequently transmit signals to the contractile apparatus consisting of actin and myosin filaments. Alterations, due either to higher imposed forces 
(hypertension) or to (genetic) alterations in the various components required for proper sensing and/or transduction of the signal may lead to 
aneurysms/dissections. The main molecular pathways related to thoracic aortic disease and their respective genes are listed on the left. Molecular 
components in which mutations lead to aortic aneurysms/dissections are marked with red asterisks. 


European Society of Cardiology (ESC) 2014 guidelines on aor¬ 
tic disease have not adopted the recommendations for earlier 
surgery [36]. Very similar observations are true for genes identi¬ 
fied later, including the SMAD3 gene, the TGF-P 2 gene and the 
TGF-P 3 gene, with some patients presenting a severe phenotype 
reminiscent of LDS and others with much milder phenotypes 
such as “isolated thoracic aortic disease.” 

Other genes involved in isolated (familial) thoracic aor¬ 
tic aneurysms and dissections include genes encoding com¬ 
ponents of the smooth muscle cell contractile apparatus: the 
ACTA2 gene, the MYH11 gene, the MLCK gene, and the 


PRKG1 gene [37-40]. The ACTA2 gene [encoding oc-smooth 
muscle actin (a-SMA)] and the myosin heavy chain 11 gene 
(. MYH11) encode components of the smooth muscle cytoskele- 
tal contractile apparatus. Increased TGF-P signaling has also 
been reported in human aortic specimens obtained in patients 
with these mutations [41]. The cytoskeleton influences differ¬ 
ent aspects of the TGF-P signaling pathway, including traf¬ 
ficking and activity of TGF-P receptors and signaling effectors 
[42,43]. 

The important clinical overlap between the different syn¬ 
dromic entities and the knowledge that mutations in all the 






Chapter 32 Connective Tissue Disorders 627 


genes leading to syndromic TAD are also identified in patients 
and families with nonsyndromic forms led to the suggestion 
to group these entities under the term “heritable thoracic 
aortic disorders - H-TAD”[44]. In view of the difficulty in 
distinguishing these disorders clinically, it is recommended to 
perform panel testing of the known genes using next generation 
sequencing techniques. A recent study performed in our labo¬ 
ratory using this technique revealed a mutation detection rate 
of 13% in a series of 264 patients presenting with TAD. Impor¬ 
tantly, in nonsyndromic TAD patients, mutations were found 
in the FBN1 , TGFBR1 , SMAD3 , and COL3A1 genes [45]. 

An overview of the different clinical entities and their under¬ 
lying genetic defect is provided in Table 32.1. The gene pathways 
and their respective proteins involved in H-TAD are illustrated 
in Figure 32.1. 


Cardiovascular lesions 
Marfan syndrome 

Marfan syndrome (MFS) is an autosomal dominant connec¬ 
tive tissue disorder caused by mutations in the fibrillin-1 gene 
( FBN1 ). The diagnosis is based on clinical characteristics, 
although in some cases additional molecular testing with confir¬ 
mation of an underlying FBN1 mutation maybe helpful. Criteria 
for diagnosis have been published as the “revised Ghent nosol¬ 
ogy” [46]. In the absence of a family history for MFS, the diag¬ 
nosis is confirmed when 

1 aortic root z-score >2 + ectopia lentis (EL); 

2 aortic root z-score >2 + FBN1 mutation; 

3 aortic root z-score >2 + systemic score (>7 points). The sys¬ 
temic score includes a list of clinical features involving differ¬ 
ent organ systems; 

4 EL + FBN1 mutation with known aortic root dilation. 

In the presence of a family history, the diagnostic criteria are less 
strict: 

5 EL + family history of MFS (as defined earlier); 

6 systemic score >7 points + family history of MFS; 

7 aortic root z-score >2 in adults, >3 in children + family his¬ 
tory of MFS. 

In the criteria, a lot of weight is put on aortic root z-scores, 
which underscores the importance of cardiovascular imaging 
in the diagnostic work-up (see later). Clinical manifestations in 
MFS vary widely both within and between families. Severe car¬ 
diovascular phenotypes exist with significant AV valve dysfunc¬ 
tion and/or rapidly progressive aortic root dilation in infancy, 
so called “neonatal MFS” [47-49]. In the more common, classic 
MFS, cardiovascular manifestations generally develop in adoles¬ 
cence, although development of manifestations only later in life 
has also been reported [50,51]. 

Echocardiography plays a key role in the diagnostic work-up 
of cardiovascular manifestations and also in the follow-up and 
guidance of treatment. 


Dilation of the ascending aorta 

The primary cardiovascular manifestation in MFS is progressive 
dilation of the aortic root, eventually leading to aortic dissection 
or rupture. It is estimated that aortic root dilation is present in 
>80% of adult MFS patients [52]. 

Echocardiographic images should be obtained from the 
parasternal long-axis view visualizing the aortic root and the 
proximal ascending aorta (Videos 32.1 and 32.2). To optimize 
the view of the aortic root and the ascending aorta, the long- 
axis view is obtained at a higher intercostal space compared with 
the conventional long-axis view. Different transducer positions 
are often needed to optimize the images: a high left parasternal 
view located one or two rib interspaces superior to the standard 
location may be required. Alternatively, a high right parasternal 
view in a right lateral decubitus position is better at displaying 
the entire proximal aorta. 

Measurements of the aortic root and the ascending aorta are 
taken at different levels: (1) the aortic valve annulus (defined as 
the hinge points of the aortic leaflets); (2) the maximal diameter 
at the sinuses of Valsalva; (3) the sinotubular junction (transition 
between the sinuses of Valsalva and the tubular portion of the 
ascending aorta); and (4) the ascending aorta at the level of the 
right pulmonary artery (see Figure 32.2). 

When measuring the aortic diameter, it is important to obtain 
the maximum diameter measured perpendicular to the long axis 
of the vessel in that view. In the pediatric quantification guide¬ 
lines from the American Society of Echocardiogaphy, the mea¬ 
surement is performed from inner edge to inner edge at end 
systole. This matches the measurements used by other imag¬ 
ing techniques, such as magnetic resonance imaging (MRI) 
and computed tomography (CT) scanning. For adults, the most 
recent guidelines from the American Society of Echocardiog¬ 
raphy recommend measuring at end diastole using the lead¬ 
ing edge technique [53]. Absolute differences between the two 
techniques are small and further improvements in image reso¬ 
lution should minimize the difference between these measure¬ 
ment methods. Two-dimensional aortic diameter measurements 
rather than M-mode measurements should be obtained. Motion 
of the heart during the cardiac cycle and changes in M-mode 
cursor location relative to the maximum diameter of the sinuses 
of Valsalva can result in a systematic underestimation (by up to 
2 mm) of aortic diameter by M-mode in comparison with the 
2D aortic diameter [54]. Aortic root dilation in MFS is typically 
located at the level of the sinuses of Valsalva and is defined as 
an aortic root diameter above the upper limit of the 95% con¬ 
fidence interval of the distribution in a large reference popula¬ 
tion. Aortic dilation can easily be detected by plotting observed 
aortic root diameter versus body surface area on previously 
published nomograms [53]. Another possibility is the use of z- 
scores derived from the regression equation on the nomogram. 
A z-score >2 indicates a value exceeding 2SD (the 95% confi¬ 
dence interval). The z-scores are calculated on the basis of mea¬ 
sured diameters obtained in the normal population. The clinical 
measurement method should match that used to generate the 
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Table 32.1 Overview of the clinical/genetic entities associated with aortic aneurysms; discriminating features are highlighted in bold. 


Disorder 

Gene(s) 

Main cardiovascular features 

Additional clinical features 

Syndromic TAAD 

Marfan 

FBN1 

Aortic root aneurysm, aortic 
dissection, mitral valve prolapse, main 
pulmonary artery dilatation, left 
ventricular dysfunction 

Lens luxation, skeletal features 
(arachnodactylia, pectus deformity, 
scoliosis, flat feet, increased armspan, 
dolichocephalia) 

Ehlers-Danlos (vascular, valvular) 

COL3A1 , COL1A2 

Arterial rupture and dissection 
without preceding 
dilatation/aneurysm, severe valvular 
insufficiency 

Thin, translucent skin, dystrophic 
scars, facial characteristics (Madonna 
face, thin lips, deep-set eyes) 

TGF-p Loeys-Dietz 

TGFBR1I2 

Aortic root aneurysm, aortic 
dissection, arterial aneurysms and 
dissections, arterial tortuosity, mitral 
valve prolapse, congenital cardiac 
malformations 3 

Bifid uvula/cleft palate, 
hypertelorism, pectus abnormalities, 
scoliosis, club feet 

Aneurysm- 

osteoarthritis 

SMAD3 

Aortic root aneurysm, aortic 
dissection, arterial aneurysms and 
dissections, arterial tortuosity, mitral 
valve prolapse, congenital cardiac 
malformations 3 

Osteoarthritis, soft skin, flat feet, 
scoliosis, recurrent hernias, 
hypertelorism, pectus abnormalities 

TGFp 2 ,TGFp 3 

TGFB2, TGFB3 

Aortic root aneurysm, aortic 
dissection, arterial aneurysms and 
dissections, arterial tortuosity, mitral 
valve prolapse, congenital cardiac 
malformations 3 

Club feet, soft translucent skin 

Shprintzen- 

Goldberg 

syndrome 

SKI 

Mild aortic root dilation, mitral valve 
prolapse 

Craniosynostosis, distinctive craniofacial 
features, skeletal changes, neurologic 
abnormalities, mild-to-moderate 
intellectual disability 

Arterial tortuosity syndrome 

SLC2A10 

Arterial tortuosity, arterial stenoses 
and aneurysms 

Hyperlax skin and joints 

Cutis laxa syndromes 

FBLN4, ELN 

Arterial aneurysms and dissections, 
arterial tortuosity, arterial stenoses, BAV 

Hyperlax skin and joints, mild 
emphysema 

Nonsyndromic TAAD 




Familial thoracic aortic aneurysm 
syndrome (FTAA) 

TGFBRM2 (3-5%) 

Thoracic Aortic Aneurysm/Dissection 

Lack of syndromal features 


ACTA2 (10-14%) 

Thoracic Aortic Aneurysm/Dissection, 

BAV cerebrovascular disease, coronary 
artery disease 

Lack of marfanoid skeletal features, 

livedo reticularis, iris flocculi, 
coronary artery/cerebrovascular 
disease) 


MYLK 

Thoracic Aortic Aneurysm/Dissection 

Gastrointestinal abnormalities 


SMAD3 (2%) 

Intracranial and other arterial aneurysms 



TGFB2, TGFB3 

Mitral valve prolapse 



PRKG1 

Thoracic Aortic Aneurysm/Dissection, 
Arterial Aneurysms and Dissections, 

Arterial Tortuosity 


FTAA with bicuspid aortic valve 
(BAV) 

ACTA2 


Lack of marfanoid skeletal features, 
livedo reticularis, iris flocculi 


NOTCH1 

Highly calcified aortic Valve 


FTAA with patent ductus 
arteriosus (PDA) 

MYH11 

Patent ductus arteriosus 


TAAD, thoracic aortic aneurysms and dissections. 

Congenital cardiac malformations including atrial septal defect, patent ductus arteriosus, ventricular septal defect, bicuspid aortic valve. 
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Figure 32.2 Echocardiographic image of ascending aortic aneurysm at the 
level of the sinus of Valsalva in MFS. Measurements are performed at end 
diastole using the “leading edge to leading edge” principle. LA, left atrium; 
RPA, right pulmonary artery 

normative data. For echocardiographic measurements made 
from inner wall to inner wall during systole in subjects 
aged <25 years, a z-score calculator can be found at http:// 
www.marfan.org. For echocardiographic measurements made 
from leading edge to leading edge in diastole in all age groups, 
reference graphs and z-score equations are available. A use¬ 
ful equation has recently been published by Devereux et al. 
[55]. 

In some Marfan patients, aortic root dilation is asymmet¬ 
ric; therefore, measurement in the transverse plane of the aorta 
(parasternal short-axis view) may be important. A study by Mei- 
jboom et al. using MRI revealed the largest aortic root diame¬ 
ter between the right and left coronary cusps. For a given non¬ 
coronary to right coronary cusp diameter - which is the diam¬ 
eter assessed in the PSLAX view - the 95% confidence intervals 
revealed a variation of -20 to +20% in the aortic root area [56]. 
So far, no echocardiographic study has been performed confirm¬ 
ing these results. 

The predilection for the ascending aorta to dilate is a result of 
both structural and local hemodynamic factors. Both the aortic 
root and the proximal part of the pulmonary artery (which also 
dilates in MFS) are derived from neurologic crest cells, whereas 
the more distal arterial structures have a mesodermal origin. The 
elastic fiber content in the ascending aorta has been shown to be 
higher in the ascending aorta than in any other part of the arte¬ 
rial tree [57]. This can probably explain why diseases that affect 
elastic fiber integrity are more prominent in this part of the vas¬ 
cular system. Additionally, the ascending aorta is subject to the 
repetitive stress of left ventricular ejection, contributing progres¬ 
sive dilation [58,59]. As pressures in the aorta are significantly 
higher than those in the pulmonary artery, dilation is generally 
more pronounced in the aortic root. 

In order to define indications for surgical intervention, abso¬ 
lute growth of the aortic root should be reported in addition 



Figure 32.3 Dissection of the ascending aorta at the level of the sinuses of 
Valsalva. The arrow indicates the dissection flap. 


to the diameter. Annual growth rates exceeding 0.5 cm/year are 
considered a risk factor for dissection. 

Dissection of the ascending aorta 

Dissection or rupture may occur as a consequence of the pro¬ 
gressive dilation of the ascending aorta. Echocardiography is a 
very important tool in the diagnosis of aortic dissection. It can 
not only confirm the diagnosis but also identify complications 
such as pericardial tamponade or acute myocardial ischemia due 
to coronary artery obstruction or dissection. Although aortic 
dissection can be diagnosed using transthoracic echocardiogra¬ 
phy (TTE), transesophageal echocardiography (TEE) is the pre¬ 
ferred technique in adults as it provides a better visualization of 
the ascending aorta, the aortic arch, and the descending aorta 
(Figure 32.3; Video 32.3). 

Although most of the arch and origins of two of the great ves¬ 
sels can be seen in most patients, there is a blind spot in the upper 
ascending aorta and the proximal arch that cannot be seen by 
TEE because of the interposed tracheal bifurcation. 

In patients with aortic aneurysms not associated with con¬ 
nective tissue disorders, the degree of aortic dilation correlates 
highly with the risk of aortic rupture or dissection [60]. The risk 
increases substantially when the diameter exceeds 55 mm. 

In patients with MFS, the risk of aortic rupture or dissection 
is influenced by other factors and does not depend only on the 
degree of aortic dilation [61]. Some patients develop aortic dis¬ 
section at diameters less than 55 mm [62,63]. Silverman et al. 
demonstrated that a family history of severe cardiovascular com¬ 
plications in MFS is associated with increased aortic diameter 
and decreased survival [64]. 

Other possible risk factors have been studied, such as central 
pulse pressure (pressure difference between systolic and dias¬ 
tolic pressure in the ascending aorta) [65] and aortic stiffness 
[66-69], but none of these have a higher predictive value than 
the absolute aortic diameter. Aortic stiffness appeared to have a 
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Figure 32.4 Echocardiographic picture of mitral valve prolapse (PSLAX 
window). AML, anterior mitral valve leaflet; PML, posterior mitral valve 
leaflet; LA, left atrium; LV, left ventricle; Ao, aorta. 


diagnostic value in young patients in one study [70]. In clinical 
practice, these parameters are not easily applicable as no accu¬ 
rate cut-off values are available. 

Mitral valve prolapse (MVP) 

Two-dimensional echocardiography is the generally used tool 
for the identification of MVP. Both parasternal long axis and api¬ 
cal 4-chamber views may be used (Videos 32.4, 32.5, and 32.6) 
[71,72]. Classic prolapse is defined as leaflet displacement in sys¬ 
tole exceeding the mitral valve annular plane by >2 mm with 
leaflet thickening exceeding 5 mm. Nonclassic prolapse refers 
to leaflet displacement without valve thickening. An example 
is illustrated in Figure 32.4. The prevalence of MVP in MFS 
patients varies between 40 and 66% (compared with 1-2% in the 
general population) [73]. In our own series, we observed MVP 
with echocardiography in 66% of MFS patients - 35% of whom 
had classic MVP [74]. 

A recent study by Rybczynski et al. showed that MFS patients 
have an increased risk of 28% for MV-related clinical events 
(endocarditis, surgery, heart failure) (compared with 13% in 
idiopathic MVP). The age at event was also significantly lower 
(35 versus 65 years in idiopathic MVP) [75]. 

Main pulmonary artery dilation 

Main pulmonary artery (MPA) dilation was omitted from the 
revised diagnostic criteria, mainly owing to difficulties in assess¬ 
ment. Indeed, guidelines for the assessment of MPA dilation 
are scarce in the literature. CT or MRI may be better suited 
than echocardiography. Recently, Truong et al. suggested 27 and 
29 mm as upper limits of normal for MPA diameter in men 
and women, respectively, using CT scanning [76]. Nollen et 
al. clearly demonstrated increased diameters in MFS patients 
assessed with MRI [77]. Using a cut-off value of 28 mm at the 
level of the MPA root, they reported a prevalence of MPA dila¬ 
tion of 74%. Recently, Lundby et al. reported main pulmonary 


artery dilation in 54% of MFS patients using a cut-off value of 
30 mm [78]. In our own series with echocardiography, we pro¬ 
posed a cut-off value of 23 mm to define main pulmonary artery 
dilation in adult MFS patients [74]. The MPA is best viewed from 
the parasternal short-axis view. The largest diameter distal to the 
valve insertion should be measured. Complications arising from 
MPA dilation are generally limited. Pulmonary regurgitation is 
reported in many MFS patients [79]. Pulmonary artery dissec¬ 
tion is very rare, however. 

Dilation or dissection of the descending aorta 

Complications in the descending aorta occur in only a minor¬ 
ity of MFS patients. The incidence of descending thoracic aor¬ 
tic dissection may increase since medical and surgical treat¬ 
ments of ascending aortic complications have significantly 
improved, hence leaving the descending aorta at higher risk 
[80,81]. MFS patients presenting with thoracoabdominal aor¬ 
tic aneurysm/dissection have been reported in a few case 
reports [82,83]. Other reports on the descending aorta in MFS 
patients are mainly based on surgical follow-up data describ¬ 
ing the occurrence of primary or secondary complications 
in the descending aorta necessitating surgical intervention. 
Finkbohner et al. reported that 15% of their patients had a first 
surgical intervention involving portions of the descending aorta 
[80]. Nollen et al. reported on increased growth (defined as 
^1 mm/year) in a small subset of patients (6% in the descending 
thoracic aorta and 7% in the abdominal aorta). They also iden¬ 
tified aortic stiffness as an independent predictor of progressive 
abdominal aortic dilation [84]. Kawamoto et al. studied the pro¬ 
gression of thoracoabdominal aortic diameters in MFS patients 
after surgical repair and defined a subgroup of patients show¬ 
ing progressive dilation of the distal aorta (^3 mm/year) [83]. A 
recent study by Mimoun et al. demonstrated that dissection in 
the descending part of the aorta may occur whatever the diam¬ 
eter of the ascending aorta [86]. Schoenhoff et al. concluded 
that previous aortic dissection is a significant risk for recurrent 
interventions on the untreated aorta, a risk which was more pro¬ 
nounced in those with initial type B dissection compared with 
type A dissection [87]. In our own series of 29 MFS patients stud¬ 
ied with MRI, we noted increased diameters at different levels of 
the descending aorta. However, there was too much overlap with 
normal controls to define cut-off values. We found no significant 
correlations with the proximal aortic diameter, although dilation 
occurred more frequently in patients with previous aortic root 
surgery [74]. 

About 8-15% of MFS patients require initial surgery in the 
descending aorta [80,87]. Patients with initial type B aortic 
dissection are at a significantly higher risk for reintervention 
(86% for previous type B dissection versus 42% for previous 
type A dissection). The majority of reinterventions are required 
in patients with previous dissection (48% versus 11% reinter¬ 
vention in the patients presenting with aortic aneurysm) [87]. 
A large contemporary series of 96 thoracoabdominal aortic 
aneurysm repairs in patients with MFS showed an excellent 
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survival rate of 97% [88]. Recommendations are slightly differ¬ 
ent from those applied for the aortic root (see below): repair at 
the thoracoabdominal level in MFS is recommended when the 
aneurysm diameter exceeds 5.5 cm [89]. 

Altered anatomic features in the aorta of MFS patients, such 
as dilation and/or dissection, are accompanied by functional 
impairment of the vessel, reflected in increased aortic stiffness in 
MFS patients. Abnormal elastic properties - pulse wave velocity 
and local aortic distensibility - are not confined to the ascending 
aorta, but are also detected in the normal-sized, more distal parts 
of the vessel [67,90], and this also in patients having previously 
undergone aortic root surgery as in unoperated MFS patients 
[91]. Interestingly, aortic stiffness seems to be an early marker 
of aortic disease as patients already demonstrate significantly 
decreased aortic distensibility at both proximal and distal lev¬ 
els of the aorta prior to dilation of the thoracic aorta [90]. Local 
distensibility of the descending thoracic aorta appeared to be 


an independent predictor of progressive descending aortic dila¬ 
tion [84]. Interestingly, increased augmentation index as an indi¬ 
rect maker of aortic stiffness has been found to predict progres¬ 
sion of aortic disease in MFS independently of aortic root size 
[92]. Major determinants of the augmentation index are pulse 
wave velocity and the length of the arterial tree. Alterations in 
wave reflections seem to be more pronounced in younger MFS 
patients [93]. Although these data on functional alterations of 
the aorta are definitely worthy of further studies, they have not 
yet reached the level of clinical application. Larger scale studies 
are required to assess their validity in models for more robust 
risk stratification in MFS. 

Guidelines for the assessment of distal aortic diameters and 
normal values for calculating z-scores are lacking. To view 
the distal ascending, arch, and descending aorta, TTE is fea¬ 
sible in many patients. Recommended views are provided in 
Figure 32.5. TEE may also be used although CT and MRI are 


Aortic diameters at different levels 



Figure 32.5 Recommended echocardiographic windows to assess the aorta at different levels. The aortic root is assessed from the PSLAX window. The 
ascending aorta is in most cases better viewed one intercostal space higher than the view for the root. Measurements are made at the level of the right 
pulmonary artery (RPA). The aortic arch is visualized from the suprasternal notch view The descending thoracic aorta (DTA) can be viewed from the 
PSLAX window, located under the left atrium; a longitudinal view of the DTA is possible from a foreshortened apical 2-chamber view. The abdominal 
aorta is easily viewed from the subcostal window. 
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more convenient and informative techniques (Videos 32.7 and 
32.8). 

With our current knowledge of the existence of Marfan- 
like conditions, such as Loeys-Dietz syndrome (see later), it 
is important to note that some patients with Loeys-Dietz syn¬ 
drome may have been included in older reports on MFS - espe¬ 
cially patients with widespread vascular involvement should be 
carefully reconsidered. 

Left ventricular dysfunction and arrhythmias 

Although not commonly acknowledged in MFS, dilated car¬ 
diomyopathy, beyond that explained by aortic or mitral valve 
regurgitation, seems to occur with a higher prevalence, suggest¬ 
ing a role for the extracellular matrix protein fibrillin-1 in the 
myocardium. Significant LV dilation and dysfunction leading to 
heart failure and necessitating heart transplantation have been 
described in a few cases and seem to be a very rare compli¬ 
cation [94]. Subclinical myocardial dysfunction, on the other 
hand, has been reported in larger subsets of MFS patients of var¬ 
ious ages by several independent research groups [95-100], and 
mildly increased LV dimensions have been demonstrated in a 
subset of patients with MFS [101]. A study assessing genotype- 
phenotype correlations indicated that LV dilation was more fre¬ 
quently observed in patients with a non-missense FBN 1 muta¬ 
tion [59,102,103]. Recently, studies in a mouse model for MFS 
provided interesting new insights into the pathophysiology of 
MFS cardiomyopathy, indicating altered muscle mechanosignal- 
ing as a trigger [74,78,104,105]. 

A feature that is closely related to ventricular dysfunction in 
MFS is an increased risk for adverse arrhythmogenic events, as 
evidenced by several groups [78,106-108]. Hoffmann and co¬ 
workers found an association with increased N-terminal pro¬ 
brain natriuretic peptide (NT-proBNP) levels [107,109]. 

Other syndromic heritable thoracic aortic 
disorders 

The application of nosologic criteria has clearly facilitated the 
diagnosis of MFS but also permitted the identification of patients 
and families who present with thoracic aortic disease, but do not 
fulfill the diagnostic criteria for MFS and/or present with other 
clinical features that do not fit within the definition of MFS. 
Moreover, since the more widespread availability of molecular 
genetic testing in MFS, it became clear that subgroups of patients 
and families exist that do not carry an FBN 1 mutation, suggest¬ 
ing the involvement of other genes, as has been described ear¬ 
lier. Here we provide an overview of the other syndromic TAD 
entities. 

Loeys-Dietz syndrome 

Loeys-Dietz syndrome (LDS) is an autosomal dominant disor¬ 
der caused by mutations in one of the TGF-P receptor genes 
(' TGFBR1 and TGFBR2). It is characterized clinically by aor¬ 
tic aneurysms and dissections, widespread arterial tortuosity/ 
aneurysms, bifid uvula, and hypertelorism (wide-spaced eyes) 


[110]. The expression of the disease is variable between and 
within families. 

Compared with MFS, the natural history of LDS patients in 
the initial reports was significantly worse and mainly related to 
the associated cardiovascular complications [34]. As mentioned 
earlier, initially, these observations opened up useful opportuni¬ 
ties for genotype-based treatment and management and it was 
recommended that patients carrying TGFBR1/2 mutations be 
referred earlier for prophylactic aortic root surgery. More recent 
studies have revealed, however, that at least some patients with 
TGFBR1/2 mutations show a less aggressive course with a phe¬ 
notype indistinguishable from classic MFS [35]. Based on these 
contradictory observations, the recent ESC guidelines on aortic 
disease have not adopted these recommendations [36]. Large- 
scale prospective studies are required to gain better insight into 
the actual natural history of these disorders. 

The lesions in LDS are generally also more widespread than 
in MFS. Aortic aneurysms and dissections in more distal parts 
of the aorta are more common in LDS. In LDS, aneurysms may 
also develop outside the aorta in large and mid-sized arteries, 
whereas aneurysm formation in MFS is generally confined to 
the aorta. 

Finally, additional congenital cardiac anomalies, including 
patent ductus arteriosus (Video 34.9), bicuspid aortic valve, 
mitral valve prolapse, and atrial septal defects, are present with 
a higher than normal frequency in LDS patients [34]. Williams 
et al. demonstrated that the surgical outcome in LDS patients is 
good [111], which is in strong contrast to the vascular Ehlers- 
Danlos syndrome, known as a “surgical nightmare” owing to 
the extreme fragility of the vasculature and skin [112]. Many 
LDS patients in the study by Williams et al., however, required 
repeated interventions, usually in different parts of the aorta, 
with good outcomes. 

In view of the extent of cardiovascular lesions in LDS, multi¬ 
ple imaging techniques are required. Echocardiography is useful 
for the assessment of aortic root dimensions and for the identi¬ 
fication of associated lesions. Vascular studies such as magnetic 
resonance angiography (MRA) or CT scanning with 3D recon¬ 
struction from head to pelvis are required for the detection of 
distal aortic/arterial complications. Figure 32.6 demonstrates an 
MRA study in a patient with LDS. Figure 32.7 is an illustration 
of cerebral artery tortuosity in a patient with LDS. 

Aneurysm-osteoarthritis syndrome 

Aneurysm-osteoarthritis syndrome (AOS) is an autosomal 
dominant aneurysmal disease caused by mutations in the 
SMAD3 gene [27]. Since many patients with AOS present some 
degree of osteoarthritis, this is a discriminating feature of the dis¬ 
ease. Aneurysms, dissections, and tortuosity located in different 
parts of the arterial tree are the main cardiovascular-associated 
lesions. Arterial aneurysms may be large and are often are a pre¬ 
senting symptom [28,113,114] (Figure 32.8). 

Other cardiovascular abnormalities include left ventricular 
hypertrophy, mitral valve disease, and atrial fibrillation [28]. 
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Figure 32.6 MRA reconstruction of the aorta in a patient with Loeys-Dietz 
syndrome. Note the dilated ascending aorta distal to the aortic root 
prosthesis that was previously inserted (arrow), the tortuous aorta, and the 
tortuous and ectatic iliac and head and neck arteries. 

Mild dysmorphic features, such as hypertelorism and bifid 
uvula, may also occur, as well as umbilical or inguinal hernias, 
varicose veins, velvety skin, and dermal striae [115]. Differentia¬ 
tion between AOS and LDS on clinical grounds may be difficult 
and molecular genetic studies are helpful in making the correct 
diagnosis. 



Figure 32.7 MRA reconstruction of the intracerebral vessels of an 
8-year-old boy with Loeys-Dietz syndrome. Note the markedly tortuous 
vessels. 



Figure 32.8 CT angiographic image of bilateral iliac artery aneurysms in a 
patient with AOS. 

Aortic aneurysms caused by TGF-p 2 and TGF-P 3 
mutations 

Recently, mutations in two TGF-P ligands (TGF-P 2 and -P 3 ) were 
identified in several families with autosomal dominant aortic 
aneurysm disease [30,31]. The clinical phenotype shows overlap 
with other TGF-P signalopathies, including MFS, LDS and AOS. 
We found significant mitral valve involvement in TGF~P 2 muta¬ 
tion carriers, an observation that needs confirmation in larger 
series [32]. 

Vascular Ehlers-Danlos syndrome (EDS) 

Vascular EDS is an autosomal dominant connective tissue disor¬ 
der caused by mutations in the collagen type 3 gene ( COL3A1 ). 
It is clinically characterized by joint hypermobility, skin abnor¬ 
malities (cigarette paper scars, easy bruising, soft velvety skin), 
fragility of intestinal and genitourinary organs, and vascular 
fragility leading to dissection or rupture of medium to large 
muscular arteries. Typically in vascular EDS, dissections often 
occur without preceding dilation/aneurysm formation. In vas¬ 
cular EDS patients, complications in early childhood are rare. 
The average age at the time of a first complication in the large 
series reported by Pepin et al. was 23.5 years, with rupture of the 
gastrointestinal tract likely to occur at an earlier age than arte¬ 
rial rupture. About half of the arterial complications in vascular 
EDS involved the thoracic or abdominal arteries and the remain¬ 
der were divided equally between the head, neck, and limbs 
[112]. In vascular EDS, the reported incidence of fatal compli¬ 
cations during or immediately after vascular surgery is around 
45% [112,116]. Clinical features in LDS and vascular EDS may 
be indistinguishable in some patients. So-called LDS type 2 
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patients have the same skin lesions as vascular EDS patients 
(easy bruising, wide and atrophic scars, translucent skin, velvety 
skin) and may also present with visceral rupture. Cardiovascular 
lesions (arterial tortuosity and/or aortic root aneurysm) are gen¬ 
erally more pronounced in LDS patients. In those cases, genetic 
testing may be the only way to distinguish between the two 
diseases. 

It is very difficult to define useful guidelines for cardiovas¬ 
cular imaging in vascular EDS since complications may occur 
unexpectedly and no specific treatment is currently available. 
Some authors advise not pursuing any additional investigation 
or surveillance, because a conservative approach will be adopted 
irrespective, and undue anxiety would be created [117]. Others 
recommend noninvasive cardiovascular imaging with echocar¬ 
diography and vascular CT/MRI [116]. 

Arterial tortuosity syndrome (ATS) 

ATS is an autosomal recessive disorder, caused by mutations 
in a glucose transporter gene (GLUT 10) [118]. In ATS, arte¬ 
rial tortuosity is the most prominent clinical feature, along with 
large artery stenosis. Aneurysm formation of the aorta and 
large arteries occurs in ATS, although to a lesser extent than in 
LDS. ATS patients require imaging studies of the entire vascu¬ 
lar tree such as with CT or MRI. Echocardiography is helpful 
in identifying pulmonary artery stenoses and aortic dilation or 
stenosis. 

Smooth muscle cell dysfunction syndrome 

A distinctive clinical phenotype is characterized by patent duc¬ 
tus arteriosus, aortic root dilation, pulmonary vascular hyper¬ 
tension, cerebrovascular abnormalities, congenital mydriasis, 
bladder hypotonia, and hypoperistalsis. This clinical syndrome 
is caused by specific mutations at the Argl79 position of the 
ACTA2 gene. Clinical features are caused by generalized smooth 
muscle cell dysfunction [119]. 

Shprintzen-Goldberg syndrome 

Recently, mutations in exon 1 of the SKI gene (a TGF-P repres¬ 
sor gene) were identified in patients with Shprintzen-Goldberg 
syndrome, characterized by mild aortic root dilation, mitral 
valve prolapse, and various clinical manifestations reminiscent 
of severe marfanoid habitus, including craniosynostosis, distinc¬ 
tive craniofacial features, skeletal changes, neurologic abnormal¬ 
ities, and mild-to-moderate intellectual disability [120,121]. 

Aortic aneurysms with cutis laxa 

Cutis laxa is an acquired or inherited condition characterized 
by redundant, pendulous, and inelastic skin. Cutis laxa is a 
genetically heterogeneous disease and both autosomal domi¬ 
nant and autosomal recessive forms have been described. The 
autosomal dominant form is caused by mutations in the elastin 
gene ( ELN ). Recessive forms can be caused by mutations in the 
fibulin 4 ( FBLN4 ), fibulin 5 (FBLN5) or LTBP4 gene. Pheno¬ 
typic features vary according to the underlying genetic defect. In 


families with mutations in the ELN gene, the clinical spectrum 
ranges from mild dilation to severe aneurysm requiring aor¬ 
tic root replacement or leading to aortic rupture early in adult¬ 
hood. In a study by Szabo et al., one 5-year-old patient presented 
with significant dilation at the level of the sinuses of Valsalva 
[122]. Patients with fibulin-4 mutations may present with aor¬ 
tic aneurysms, arterial tortuosity, and stenosis [123]. 

Practical guidelines for cardiovascular imaging in connective 
tissue disorders are summarized in Table 32.2. We provide an 
overview of the recommended imaging studies and the anoma¬ 
lies described. 

Nonsyndromic H-TAD 

Thoracic aortic aneurysms and dissections (TAAD) 

Familial TAAD is genetically heterogeneous, with two loci 
(TAAD1 at 5ql3-14 and FAA1 at llq23-24) and seven genes 
( TGFBR1 , TGFBR2 , ACTA2 , MYH11 , MYLK , PRKG1 , and 
SMAD3) being identified so far. These genes account for dis¬ 
ease in only 20% of FTAAD families, indicating that more genes 
are still to be determined. 

By definition, the entity of TAAD is restricted to those cases 
presenting with “isolated” TAAD - as opposed to the known 
syndromes such as MFS and LDS. In practice, most reported 
families also exhibit some additional clinical features. 

Pannu and co-workers reported the presence of TGFBR2 
mutations in four unrelated families with TAAD [124]. Imag¬ 
ing studies were limited to echocardiographic examination of 
the ascending aorta. Nevertheless, some patients included in the 
study did have vascular anomalies outside the aorta (two carotid 
artery aneurysms, three cerebral aneurysms, and two abdominal 
artery/popliteal artery aneurysms) or in the descending aorta 
(four patients with a type B dissection), and one patient with 
enlargement of the pulmonary artery, further raising the suspi¬ 
cion for LDS. 

Guo et al. [37] reported on a family with TAAD whether 
or not in combination with livedo reticularis and iris flocculi, 
associated with mutations in the smooth muscle a-actin gene 
( ACTA2 ). The patients reported by Zhu et al. [125] with muta¬ 
tions in the MYH11 gene had a strong association with patent 
ductus arteriosus and intracranial dissections and aneurysms, 
whereas manifestations in the distal aorta appeared less com¬ 
mon. 

The most important cardiovascular imaging study in TAAD 
is echocardiography for assessment of the proximal aortic diam¬ 
eters. 

Thoracic aortic aneurysms and dissections 
associated with bicuspid aortic valve 

The bicuspid aortic valve (BAV) affects 1-2% of the popu¬ 
lation and is associated with abnormalities of the aortic wall 
such as coarctation of the aorta, aortic dissection, and aortic 
aneurysm [126]. Aortic wall abnormalities associated with BAV 
are characterized by cystic medial necrosis [127], the same pro¬ 
cess as observed in the aorta of patients with MFS. Cystic medial 
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Table 32.2 Overview of the recommended cardiovascular imaging studies in diagnosis and follow-up of the clinical/genetic entities associated with aortic 
aneurysms. 


Disorder 

Diagnostic 


Follow-up 


Marfan 

Echocardiography 

ARD, MVP 

Echocardiography 

ARD/descending aortic 
dilation 




CT/MRI 

Descending aortic dilation 

Loeys-Dietz, 

Echocardiography 

ARD, PDA, ASD, BAV, MVP 

Echocardiography 

ARD/descending aortic 

aneurysm-osteoarthritis 




dilation 


CT/MRI 

Aortic/arterial 

CT/MRI 

Aortic/arterial 



tortuosity/dilation 


tortuostity/dilation 

Vascular Ehlers-Danlos 

Echocardiography? 

ARD 

Echocardiography? 

ARD 


CT/MRI? 

Aortic/arterial dilation 

CT/MRI? 

Aortic/arterial dilation 

Arterial tortuosity 

Echocardiography 

ARD, PS 

Echocardiography 

ARD, PS 


CT/MRI 

Arterial 

CT/MRI 

Arterial 



tortuosity/stenosis/dilation 


tortuosity/stenosis/dilation 

Thoracic aortic aneurysm 

Echocardiography 

CT/MRI 

ARD, PDA, tortuosity 

Echocardiography 

ARD 

Bicuspid aortic valve 

Echocardiography 

ARD, valvular morphology 
and function, coarctation 

Echocardiography 

ARD, valvular function 


CT/MRI 

Ascending aortic dilation, 
coarctation 

CT/MRI 

Ascending aortic dilation 


ARD, aortic root dilation; ASD, atrial septal defect; BAV, bicuspid aortic valve; MVP, mitral valve prolapse; PDA, patent ductus arteriosus; PS, pulmonary 
artery stenosis. 



Figure 32.9 Echocardiographic views of the aortic root from the PSLAX window (upper row)and the aortic valve from the PSSAX window, (a) A normal 
aortic root with the various measurements as described previously, (b) The aortic root (upper) and valve (lower) from a BAV patient with anteroposterior 
valve morphology (c) The aortic root from a Marfan syndrome patient. Note the different location of the aneurysm in the BAV patient (ascending aorta) 
compared with the Marfan patient (sinus of Valsalva). 
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necrosis in patients with BAV has been demonstrated in the aor¬ 
tic wall of patients with BAV, even without significant aneurysm 
formation. In patients with BAV, there is a ninefold increase in 
the risk of developing acute dissections compared with patients 
with normal aortic valves. Aortic aneurysms and dissections 
occur irrespective of altered hemodynamics or age [128]. In 
contrast to MFS, aortic root dilation in BAV patients is gener¬ 
ally located in the ascending aorta, above the sinuses of Val¬ 
salva [129]. Even young children with BAV have aortic root 
dilation compared with controls [130,131]. Notably, the pro¬ 
cess of progressive dilation of the ascending aorta can continue 
after valve replacement. Patients with BAV require continuous 
surveillance to treat associated lesions and prevent complica¬ 
tions. BAV may occur sporadic or familial. The minimal fre¬ 
quency of familial occurrence of bicuspid aortic valve ranges 
between 9.1 and 17.1% [132,133]. Analysis of these families indi¬ 
cated that the condition is inherited in an autosomal dominant 
manner with reduced penetrance. Goh et al. performed a com¬ 
prehensive evaluation of multiple pedigrees segregating BAV 
with ascending aortic aneurysm, which revealed a high inci¬ 
dence of individuals with ascending aneurysm alone, suggest¬ 
ing that BAV and ascending aortic aneurysm are both primary 
manifestations of a single gene defect with variable expression 
[134]. Similar observations of isolated aortic aneurysm forma¬ 
tion in family members of patients with BAV were reported 
by Loscalzo et al. [135]. Based on these findings, it is recom¬ 
mended that all family members, including those without BAV, 
should be followed up using imaging protocols that specifi¬ 
cally assess aortic segments beyond the sinotubular junction. 
Echocardiographic evaluation includes both valvular evalua¬ 
tion (morphology and function) and evaluation of the ascend¬ 
ing aorta (Figure 32.9). The latter is carried out from the 
parasternal long-axis view for assessment of the aortic root 
dimensions as described earlier. The ascending aorta may be 
better visualized from the high PSLAX view (one intercostal 
space more cranially), at the crossing of the right pulmonary 
artery. The aortic arch is visualized from the suprasternal notch 
view. 


Conclusion 

Echocardiography plays a key role in the management of patients 
with connective tissue disorders. Lesions vary widely according 
to the type of disorder and, even within one specific entity, the 
severity of the lesions may vary substantially. The most common 
lesions include aortic root aneurysm, mitral valve prolapse, pul¬ 
monary artery dilation, and bicuspid aortic valves. Echocardio¬ 
graphy is indicated in every patient with proven or suspicious 
connective tissue disease and should be repeated life-long at reg¬ 
ular intervals. In most patients, additional imaging studies are 
indicated to look for more distal lesions in the aorta and side 
branches. 


Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Videos 32.1 and 32.2 Aortic root aneurysm. Note the typical local¬ 
ization at the sinuses of Valsalva. 

Video 32.3 Ascending aortic dissection in a 45-year-old female 
Marfan patient. Note the normal diameter distal to the root. Dis¬ 
section flap seen in the center and division of flow seen with color 
M-mode. 

Video 32.4 Mitral valve prolapse seen in the PSLAX view. Note the 
thickened valve leaflets and the displacement of the leaflets in the 
LA in systole. 

Video 32.5 Mitral valve prolapse in the AP4Ch view without color 
Doppler. This 47-year-old female Marfan patient has a normal aortic 
root diameter. 

Video 32.6 Mitral valve prolapse in the AP4Ch view with color 
Doppler. This 47-year-old female Marfan patient has a normal aor¬ 
tic root diameter. 

Video 32.7 MRA image of descending aortic aneurysm in a 40- 
year-old female Marfan patient who previously underwent aortic 
root replacement and resection of an abdominal aortic aneurysm. 

Video 32.8 Aneurysmatic dilation of the aortic arch (seen from the 
suprasternal notch view) in a 35-year-old male Marfan patient who 
previously underwent aortic root replacement. 

Video 32.9 PSSAX view at the basal level showing a markedly 
dilated pulmonary artery and the presence of flow coming from a 
patent ductus arteriosus in a 27-year-old Loeys-Dietz patient. 
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CHAPTER 33 

Cardiac Tumors 


Michele A. Frommelt 

Division of Pediatric Cardiology, Medical College of Wisconsin, Children’s Hospital of Wisconsin, Milwaukee, WI, USA 


Introduction 

Tumors of the heart in the pediatric age group are typically 
characterized by a proliferation of tissue normally present at 
the site of origin. Cardiac tumors can comprise muscle (rhab¬ 
domyoma), fibrous tissue (fibroma), vascular tissue (heman¬ 
gioma), mixed tissue (teratoma), fatty tissue (lipoma) and, rarely, 
metastatic tissue. Tumors of the heart can be defined as primary 
or secondary to other disease processes, as well as benign or 
malignant. Primary cardiac tumors are much more common in 
children, with almost all being histologically benign. This is in 
contrast to adults, where most cardiac tumors are secondary and 
related to metastatic disease. 


Incidence 

Cardiac tumors are rare in children, with an estimated incidence 
of 0.03-0.4%. In a review of 11,000 pediatric autopsies from the 
Boston Childrens Hospital, reported by Nadas and Ellison in 
1968, cardiac tumors were present in 0.027% [1]. In the New 
England regional study of more than 2000 infants with congen¬ 
ital heart disease, nine had primary cardiac tumors (0.4%) [2]. 
In an 8-year review of more than 14,000 fetal echocardiograms, 
cardiac tumors were present in 19 pregnancies, an incidence of 
0.14% [3]. The majority of cardiac tumors in all of these studies 
were benign, with the most common being rhabdomyoma. 

Over the past few decades, the recognition of cardiac tumors 
has increased. This is likely not related to a true increase in their 
prevalence, but can be explained by the widespread availability 
and increased sensitivity of two-dimensional (2D) echocardiog¬ 
raphy. This is nicely demonstrated in a study by Beghetti et al., 
a 15-year review of more than 27,000 pediatric patients with 
cardiac disease [4]. The overall incidence of a primary cardiac 
tumor was 0.2%, with an increase in incidence over each suc¬ 
cessive 5-year period (from 0.06% in the first period to 0.32% 
in the last). More than half of the patients were less than 1 year 
old at the time of diagnosis, and 12 of the 56 patients were 


diagnosed prenatally. Two-dimensional (2D) echocardiography 
was the imaging modality of choice in 55/56 patients. 

Rhabdomyoma is the most common primary pediatric car¬ 
diac tumor, comprising about 60-80% of all tumors (Table 33.1). 
Cardiac fibromas have the second highest incidence (6-25%), 
followed closely by the teratoma. Hemangiomas and lipomas are 
much less common. The cardiac myxoma is rarely seen in the 
pediatric population, despite being the most common primary 
cardiac tumor in adults [5-8]. 

Rhabdomyoma 

Classification 

Rhabdomyomas, also known as hamartomas, are defined as an 
anomalous, benign proliferation of primitive myocardial tissue 
displaying typical “spider cells” on histopathology [9]. They are 
the most common benign congenital tumor, and are frequently 
associated with the tuberous sclerosis complex (50-86%). The 
genetic mutation in the tuberous sclerosis complex leads to 
proliferation of embryonal myoblasts, most commonly yielding 
multiple solid masses, which may arise anywhere in the atrial 
or ventricular myocardium [10]. Of importance, spontaneous 
regression of these cardiac tumors after birth is the rule [11-14]. 

Echocardiography 

Perhaps the most defining echocardiographic feature of the car¬ 
diac rhabdomyoma is the presence of multiple tumors (Figure 
33.1; Video 33.1). The tumors appear nodular and embedded in 
the myocardium, but often protrude into the involved cardiac 
chamber (Figure 33.2). They are typically homogeneous and 
hyperechoic compared with normal myocardium (Figure 33.3). 
Cardiac rhabdomyomas also have a distinct preference for the 
ventricles. In a study by Nir et al., 109 patients with the diagnosis 
of tuberous sclerosis underwent a comprehensive 2D echocar¬ 
diogram. Of these patients, 47 (43%) had cardiac rhabdomyoma. 
The tumors were most commonly located in the left and right 
ventricles (68 and 66%, respectively); only three patients (6%) 
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Table 33.1 Characteristics of primary cardiac tumors in childhood. 


Type 

Rhabdomyoma 

Fibroma 

Teratoma 

Hemangioma 

Myxoma 

Incidence (%) 

60-80 

6-25 

6-25 

<10 

<1 

Location 

Ventricles 

Ventricles 

Pericardium 

Right atrium 

Left atrium 

Appearance 

Multiple 

Large, solitary 

Solitary 

Solitary 

Solitary 


Hyperechoic 

Hyperechoic 

Mixed echogenicity 

Mixed echogenicity 

Pedunculated 


Homogeneous 

Heterogeneous 
(areas of 
calcification) 

Solid/multicystic 

Color Doppler signals 

Mixed echogenicity 

Age 

Fetal/infancy 

Any age 

Fetal/infancy 

Neonatal 

Adolescence 

Regression 

Yes 

No 

No 

Yes, in infancy 

No 

Associations 

Tuberous sclerosis 

Outflow obstruction 

Pericardial effusion 

Pericardial effusion 

Emboli 



Figure 33.1 Apical 4-chamber view in a patient with tuberous sclerosis and 
rhabdomyomas. Multiple hyperechoic masses (arrows) are seen in the left 
and right ventricular free wall, and also the ventricular septum. 



Figure 33.2 Subcostal 4-chamber view of the right ventricular outflow 
tract in a patient with tuberous sclerosis and rhabdomyomas. A large 
hyperechoic mass is seen just below the infundibulum (large arrow); 
multiple smaller masses are seen in the anterior muscular ventricular 
septum (small arrows). 


were found to have right atrial tumors. None were found in the 
left atrium [15]. 

Two-dimensional imaging and also color and pulsed-wave 
(PW) Doppler from standard acoustic windows should be per¬ 
formed. The goals of the examination should include determina¬ 
tion of tumor size, location, and number. Hemodynamic abnor¬ 
malities associated with the tumor should also be sought, with 
quantification of inflow or outflow tract obstruction, in addition 
to valvar insufficiency. Evaluation of ventricular function is also 
critical, as replacement of the ventricular muscle by noncontrac- 
tile tumor tissue may mimic a cardiomyopathy [16]. In the fetus, 
it is also important to evaluate cardiac rhythm, and to investigate 
the serous cavities for effusions. 

Serial echocardiographic evaluation of these patients is criti¬ 
cal, both pre- and postnatally. Several studies have reported sig¬ 
nificant growth of cardiac rhabdomyoma in midgestation, sug¬ 
gesting that hormonal stimulation in utero plays a role in the 



Figure 33.3 Parasternal long-axis view in a patient with tuberous sclerosis 
who presented with supraventricular tachycardia. Two large 
rhabdomyomas are seen in the left ventricular free wall and septum 
(arrows). The tumors appear embedded in the myocardium, and are 
hyperechoic and homogeneous. 
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growth process [3,17]. If there is a family history of tuberous 
sclerosis, it is important to remember that prenatal ultrasound 
rarely detects tumors prior to 20 weeks’ gestation [18]. There¬ 
fore, an early screening ultrasound may be falsely reassuring. 
After birth, most cardiac rhabdomyomas will undergo sponta¬ 
neous regression. This phenomenon has been extensively stud¬ 
ied, and indeed, is one of the hallmarks of these tumors [11-14]. 
Surgery is recommended only for those patients with severe 
hemodynamic compromise or refractory arrhythmias. Of note, 
rapid tumor growth has been reported postnatally when the 
patient is treated with corticosteroids. The size of the cardiac 
rhabdomyoma should be followed carefully in those patients 
receiving this type of drug therapy [19]. 

Clinical course 

The clinical course is generally benign and largely determined by 
tumor size and the presence of inflow or outflow tract obstruc¬ 
tion. Rarely, global ventricular function may be depressed if 
there is significant tumor replacement of normal myocardium. 
Cardiac arrhythmias are well reported, and may be related to 
interruption of the normal conduction pathways. In several 
studies, the presence of Wolff-Parkinson-White syndrome was 
more frequent in patients with tuberous sclerosis compared 
with the normal population. Incessant ventricular arrhythmias, 
although rare, can be life threatening [20-22]. 

The timing of presentation also influences clinical course. In 
the older child referred to the echocardiography laboratory with 
a new diagnosis of tuberous sclerosis, it would be unusual to find 
a cardiac rhabdomyoma of clinical significance. However, when 
the diagnosis of tuberous sclerosis is suspected prenatally, the 
fetus may present with demise secondary to severe outflow tract 
obstruction or sustained arrhythmias. In a retrospective 7-year 
review by Geipel et al., 12 cases of cardiac tumors were observed 
prenatally. Eleven of the 12 were ultimately found to be rhab¬ 
domyomas, with one fibroma. Presenting symptoms were com¬ 
mon in this age group, and included hydrops fetalis in five 
patients and arrhythmias in four patients. There were three elec¬ 
tive terminations of pregnancy, one intrauterine demise related 
to severe left ventricular outflow tract (LVOT) obstruction, and 
three neonatal deaths, all related to massive tumor infiltration of 
the ventricular septum [23]. 

Fibroma 

Classification 

The cardiac fibroma is a benign connective tissue tumor derived 
from fibroblasts. It is the second most common type of primary 
cardiac tumor occurring in the pediatric age group. Cardiac 
fibromas are generally large tumors, averaging 5 cm in diame¬ 
ter, with the larger lesions able to obstruct outflow tracts and 
compress cardiac chambers. Their growth is typically within 
the myocardial mass itself, and they occur much more fre¬ 
quently within the anterior free wall of the left ventricle or the 


interventricular septum than in the posterior left ventricular 
wall or right ventricle. Although less common than the rhab¬ 
domyoma, fibromas are more often associated with symptoms, 
and more often require surgery. In contrast to the behavior of 
rhabdomyomas, spontaneous regression of fibromas is unusual 
[4-6,16]. 

Echocardiography 

Cardiac fibromas are solitary lesions that arise from the ven¬ 
tricular septum or the free wall of the left or right ventricle 
(Figure 33.4). They often appear circumscribed, and are typi¬ 
cally hyperechoic compared with normal myocardium. Calcifi¬ 
cation is frequent and an important diagnostic imaging feature. 
Areas of focal necrosis and cystic degeneration are common in 
the larger tumors. It is important to remember that a large sep¬ 
tal fibroma may have the appearance of a hypertrophic obstruc¬ 
tive cardiomyopathy. The absence of thickening/hypertrophy of 
other cardiac walls may suggest the diagnosis of fibroma. Also, 
calcification does not occur in hypertrophic cardiomyopathy. 
Fibromas can be massive, markedly distorting the cardiac mus¬ 
cle (Figures 33.5 and 33.6; Videos 33.2 and 33.3). This irregular 
appearance is also unusual for hypertrophic cardiomyopathy. 

Two-dimensional imaging and color and pulsed Doppler 
interrogation from standard acoustic windows are important. 
In the symptomatic patient, severe FVOT obstruction may be 
profound and can mimic hypertrophic obstructive cardiomy¬ 
opathy, with limited ventricular filling and dynamic outflow 
obstruction. In fact, the neonate who presents with severe FVOT 
obstruction may have ductal-dependent systemic blood flow. 
Doppler interrogation of the transverse arch should be per¬ 
formed to look for retrograde ductal supply of the transverse 
arch (Figure 33.7). 



Figure 33.4 Apical 4-chamber view in a patient with a septal fibroma who 
presented with low cardiac output. A large hyperechoic mass is seen arising 
from the ventricular septum (large arrows), limiting mitral inflow and 
aortic outflow The mass is heterogeneous, with areas of calcification (small 
arrow). 
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Figure 33.5 Subcostal 4-chamber view of the mitral inflow in a patient 
with a massive septal fibroma. The mass is irregular and heterogeneous, 
markedly distorting the cardiac architecture. Mitral inflow is compromised 
(small arrow). 

Clinical course 

The age at presentation is variable, and often dependent on 
the presence of obstruction. Burke et al. identified 23 cases of 
cardiac fibroma from the files of the Armed Forces Institute 
of Pathology. The mean age at the time of diagnosis was 13 
years; more than one-third of the patients were younger than 1 
year of age [24]. Presentation in infancy heralds severe disease, 
with symptoms related to severe left or right ventricular out¬ 
flow tract obstruction. The older child may be asymptomatic, 
but life-threatening arrhythmias and sudden cardiac death are 
well reported. 



Figure 33.6 Pathologic specimen of the explanted heart in a patient with a 
massive septal fibroma who underwent cardiac transplantation. The 
fibrous mass occupies almost the entire ventricular septum, covered only 
by a thin rim of myocardium (arrows). The left ventricular cavity is small, 
with marked narrowing of the left ventricular outflow tract. 


Spontaneous regression of the cardiac fibroma is rare. There¬ 
fore, in the patient with symptoms, surgical resection or pallia¬ 
tion is often considered. Reports suggest that many ventricular 
fibromas can be completely resected with excellent early and late 
results [25,26]. However, cardiac transplantation may be a bet¬ 
ter option, especially in those patients with massive obstructive 
tumors [27]. Another approach has involved partial resection of 
a massive right ventricular fibroma with the addition of a bidi¬ 
rectional cavopulmonary shunt to provide a stable source of pul¬ 
monary blood flow [28]. 



Figure 33.7 Suprasternal notch Doppler 
recording of the distal transverse arch in a 
newborn with a massive septal fibroma. There 
is no significant antegrade flow around the 
arch, with predominant retrograde systolic 
supply (arrow) of the arch from a patent 
ductus arteriosus. The patient presented with 
low cardiac output, but stabilized on 
prostaglandin therapy. 
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Figure 33.8 Pathologic specimen of a surgically removed pericardial 
teratoma. The teratoma has a predominantly solid surface with multiple 
microcysts filled with serous fluid. Microscopically, the tumor contained 
derivatives of all three germ layers, including elements of skin, 
gastrointestinal tract, respiratory tract, cartilage, liver, pancreas, and neural 
tissue. 


Teratoma 

Classification 

Cardiac teratomas appear to be the third most common tumor 
type encountered in infants and children [4-7]. Nearly two- 
thirds are found in infants, and many more are detected antena- 
tally than postnatally [29]. Cardiac teratomas most commonly 
originate in the pericardial cavity attached to the great vessels; 
pericardial effusion is present in almost all cases and may be 
significant. The tumor has a smooth external surface; cut sec¬ 
tions reveal multiloculated cysts and solid areas (Figure 33.8). 
The tumor contains derivatives of all three germ layers, similar 


to the extrapericardial (i.e., sacrococcygeal) teratomas seen in 
the pediatric age group. 

Echocardiography 

Intrap ericardial teratomas are attached to the root of the pul¬ 
monary artery or aorta, with both solid and multicystic areas 
(Figure 33.9a; Videos 33.4 and 33.5). Foci of calcification are also 
common. The presence of a pericardial effusion in association 
with a pericardial mass is almost diagnostic of a teratoma. The 
effusions can be large and hemodynamically important (Figure 
33.9b). Intrap ericardial teratoma in the fetus has also been well 
reported. Nonimmune hydrops is not uncommon, and may be 
related to cardiac tamponade or obstruction of systemic venous 
return from the tumor itself. In a literature review published 
by Bader et al., 31 cases of prenatal intrap ericardial teratoma 
were identified. The diagnosis was typically suspected because 
of the presence of a pericardial effusion in the second or third 
trimester. Most tumors were located at the base of the heart. 
More than 75% of the fetuses developed hydrops. Fetal pericar¬ 
dial drainage was performed in 11 of the 31 reported cases with 
technical success, although reaccumulation of fluid was com¬ 
mon [29]. 

Echocardiographic assessment of cardiac tamponade is criti¬ 
cal in the patient with a large pericardial effusion. This should 
include 2D assessment of right atrial and right ventricular dias¬ 
tolic collapse, and also Doppler interrogation of respiratory vari¬ 
able cardiac filling and cardiac output. 

Clinical course 

Regression of teratomas is unusual. The majority of patients are 
symptomatic, either secondary to the large pericardial effusion 
or compression of the cardiac chambers and great vessels. Early 
recognition is important, as surgical resection is curative and can 
be accomplished with an excellent survival rate [4-7]. 



(a) (b) 

Figure 33.9 (a) Subcostal 4-chamber view of the left ventricular outflow tract in a patient with a pericardial teratoma. The teratoma is heterogeneous, with 
multiple cystic areas. It appears to arise from the base of the heart, with an associated pericardial effusion, (b) Parasternal short-axis view in the same 
patient demonstrating the massive pericardial effusion. The 3-week-old infant presented with tachycardia and severe cardiomegaly on chest radiograph. 
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Myxoma 

Classification 

The cardiac myxoma is a benign tumor derived from cardiac 
multipotential mesenchymal cells [30]. It is the most common 
primary tumor of the heart in adults but is very rare in the pedi¬ 
atric age group [4-8]. Myxomas arise from the endocardium 
and form exophytic intracavitary masses. There are two distinct 
morphologies of myxoma: the solid myxoma appears firm and 
smooth whereas the papillary myxoma has a more cauliflower- 
like appearance [31,32]. The site of origin is usually the left 
atrium (Video 33.6) [33]. Presenting symptoms are common and 
include congestive heart failure, systemic emboli, and neurologic 
symptoms [8]. There are few reports in the literature describing 
myxomas in children. Interestingly, most myxomas described in 
the pediatric age group have occurred on the right side of the 
heart [34-36]. 

Echocardiography 

Tumor location, size, attachment, and mobility can be assessed 
by echocardiography [37-40]. Approximately 75% of myxomas 
are found in the left atrium, with 20% in the right atrium and the 
remaining 5% equally distributed between the left and right ven¬ 
tricles (Figure 33.10). Typically myxomas are isolated, peduncu¬ 
lated tumors in the left atrium attached to the area of the fora¬ 
men ovale by a stalk. If the tumor does not arise from the lower 
part of the interatrial septum, the diagnosis of myxoma should 
be questioned. Both hypoechoic and hyperechoic foci may be 
seen, reflecting areas of hemorrhage and calcification, respec¬ 
tively. Depending on the size, the tumor may prolapse through 
the mitral orifice in diastole, occasionally producing a tumor 
“plop” and accounting for the common misdiagnosis of mitral 



Figure 33.10 Apical 4-chamber view in a patient with a recurrent right 
ventricular myxoma (arrow). The myxoma is hyperechoic and appears to 
be involved with the tricuspid valve apparatus. The patient also had 
tricuspid valve repair at the time of the initial myxoma removal; a 
Carpentier ring is identified in the tricuspid annulus. 


stenosis. Doppler echocardiography should be used to quanti¬ 
tate the degree of mitral stenosis or mitral insufficiency. 

An atrial myxoma must be differentiated from a left atrial 
thrombus. A thrombus is usually situated in the posterior por¬ 
tion of the atrium, has a layered appearance, and extends into 
the left atrial appendage. Also, the formation of atrial thrombi 
is unusual in the pediatric setting, unless there is associated 
ventricular dysfunction or a history of atrial arrhythmias. 
Transthoracic echocardiography is usually sufficient to make 
the diagnosis, but if imaging is suboptimal, transesophageal 
echocardiography should be employed [41]. 

Clinical course 

Symptoms of left heart inflow obstruction and/or embolic phe¬ 
nomena are almost inevitable in the setting of an atrial myxoma. 
In a study by Swartz et al., only 8% of patients were asymp¬ 
tomatic at the time of diagnosis [42]. Regression is atypical 
and, in fact, recurrence is likely if the tumor is not completely 
resected. Surgery has been successful, with little operative mor¬ 
tality and minimal morbidity [43-45]. 

Hemangioma 

Classification 

Hemangiomas are common benign congenital vascular lesions. 
They most commonly occur in the skin, but are occasionally 
found in internal organs. Cardiac hemangiomas comprise about 
2.8% of all primary cardiac tumors and most are diagnosed in the 
neonatal period [46,47]. Cardiac hemangiomas are composed of 
endothelial cells that line interconnecting vascular channels. The 
main histologic types are based on the size of the vascular lumen. 
The cavernous hemangioma consists of large vascular channels, 
whereas the capillary hemangioma is composed of smaller ves¬ 
sels resembling capillaries. There are also mixed varieties. 

Age at diagnosis appears to be predictive of histologic type, 
tumor location and clinical presentation. The fetus or young 
infant is much more likely to have a cavernous-type heman¬ 
gioma located within the right atrium. Symptoms are common 
in this age group, generally related to the presence of a large peri¬ 
cardial effusion. The infantile tumor is more likely to regress 
spontaneously, and is responsive to antiangiogenic therapy. The 
older child with a vascular tumor is rarely symptomatic and 
much more likely to have a capillary-type hemangioma. Spon¬ 
taneous regression is unusual in this setting [48]. 

Echocardiography 

Cardiac hemangiomas can occur at any location in the heart, 
including the epicardial surface and pericardium (Figure 33.11). 
In the fetus and infant, the right atrium is the major primary site. 
The tumors are usually of mixed echogenicity. Cystic spaces can 
be identified, and have been attributed to both cavernous lakes 
and degeneration. Associated pericardial effusions are seen in 
most patients. Identification of color Doppler blood flow signals 
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Figure 33.11 A transverse transesophageal image in a patient with a left 
atrial hemangioma. The absence of a stalk and a wide base of attachment to 
the anterior mitral valve leaflet help to differentiate this from a left atrial 
myxoma. 



Figure 33.12 High left parasternal view of the branch pulmonary arteries 
in a patient with Hodgkin disease. The right pulmonary artery is of good 
size; the left pulmonary artery is compressed by a large, solid mediastinal 
mass (arrow). 


in the mass helps make the diagnosis, although the absence of 
these signals is not uncommon. Unlike hemangiomas in other 
organs, such as the liver, significant blood flow is unusual; car¬ 
diac chamber enlargement and high-output congestive heart 
failure are rare. 

Clinical course 

Generally, vascular tumors have an excellent prognosis. The 
cavernous-type hemangioma has a tendency to regress sponta¬ 
neously, but is also responsive to antiangiogenic therapy. In the 
older child, surgical resection can be accomplished with mini¬ 
mal morbidity/mortality. 

Malignant cardiac tumors 

Primary malignant cardiac tumors in children are rare. When 
they occur, they are almost exclusively sarcomas [4-7]. Rhab¬ 
domyosarcoma is the leading malignancy in the infant, whereas 
angiosarcoma is more common in the older child. The prognosis 
is bleak in all patients [49]. 

Secondary tumor involvement of the heart, by either distant 
metastasis or direct tumor extension, occurs in less than 2% of 
children with malignant solid tumors [50]. The tumors with the 
highest rate of cardiac metastasis include lymphoma and neu¬ 
roblastoma, whereas direct tumor extension has been most often 
reported in patients with Wilms tumor [51,52]. External com¬ 
pression of cardiac structures can be seen with Hodgkin disease 
(Figure 33.12). 

Echocardiography 

The echocardiographic characteristics of primary malignant 
cardiac tumors are not substantially different from those of the 


benign tumors. The tumors behave more aggressively, and there 
are extensive metastases at the time of presentation. The cardiac 
angiosarcoma should be suspected when a hemorrhagic pericar¬ 
dial effusion is present, and the pericardium appears markedly 
thickened, with an irregular surface (Figure 33.13a,b). 

Association with syndromes 

It is important to remember that primary cardiac tumors in chil¬ 
dren can be associated with hereditary syndromes [53]. Perhaps 
the best-recognized association is that of cardiac rhabdomy¬ 
oma and the tuberous sclerosis complex [4-7,10-17]. Tuber¬ 
ous sclerosis is a genetic disorder that affects cellular differen¬ 
tiation and proliferation, resulting in hamartoma formation in 
many organs, including the heart. Although it has an autosomal 
dominant inheritance pattern, more than half of the cases have 
been attributed to spontaneous mutations. There are two known 
genetic loci, one mapping to chromosome 9 and the other to 
chromosome 16 (also termed TSC1 and TSC2). Defects in the 
affected proteins (tuberin and hamartin) lead to unregulated cel¬ 
lular growth and differentiation. It is currently thought that the 
majority of children with cardiac rhabdomyomas have tuberous 
sclerosis [54]. 

Although most cardiac fibromas in children occur as an iso¬ 
lated defect, approximately 3-5% of children with cardiac fibro¬ 
mas will have the nevoid basal cell carcinoma syndrome (Gor¬ 
lin syndrome) [55]. Gorlin syndrome is an autosomal dominant 
disorder characterized by the development of basal cell carci¬ 
nomas at an early age, jaw keratocysts, and palmar or plantar 
pits. Cardiac tumors that have been described in Gorlin syn¬ 
drome include cardiac fibromas and fibrous histiocytomas. Of 
note, it is not unusual to have multiple cardiac fibromas in the 
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(a) (b) 

Figure 33.13 (a) Parasternal short-axis view in a patient with a cardiac angiosarcoma. A hyperechoic circumscribed mass is seen in the pericardial sac 
(arrow); there is an associated moderate pericardial effusion, (b) Parasternal short-axis view in the same patient 1 month later. The pericardial sac now 
appears completely occupied by the angiosarcoma. 


patient with Gorlin syndrome (Figure 33.14). The syndrome 
results from mutations in the PTCH1 (patched) gene, which has 
been mapped to chromosome 9. This gene is thought to func¬ 
tion primarily as a tumor suppressor. Cardiac myxomas are rare 
in children; however, they can be associated with Carney syn¬ 
drome. Carney syndrome is characterized by cardiac myxomas, 
spotty pigmentation of the skin, and endocrine overactivity [56]. 
Although myxomas typically occur as an isolated lesion, there 
can be multiple tumors in patient with Carney syndrome. Sev¬ 
eral mutations have been identified in the PRK (protein kinase) 
gene on chromosome 17; this gene also functions as a tumor 
suppressor. 



Figure 33.14 Subcostal 4-chamber view of the left ventricular outflow tract 
in a patient with Gorlin syndrome. Multiple fibromas are seen in the 
ventricular septum and left ventricular free wall (large arrows). The left 
main coronary artery appears dilated and is displaced by the mass (small 
arrow). 


Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 33.1 Neonate with multiple intracardiac tumors detected 
during fetal echocardiography, consistent with the diagnosis of 
rhabdomyomas. In this subcostal coronal view, multiple echodense 
tumors can be detected: one in the basal part of the right ventri¬ 
cle (RV) free wall, one very large one on the RV side of the mid- 
and apical portion of the interventricular septum, and one in the 
left ventricular outflow tract 

Video 33.2 Newborn with a very large fibroma in the anterolateral 
left ventricular (LV) wall expanding inferiorly and superiorly to the 
level of the great vessels. Parasternal short-axis view: note the very 
large size and homogeneous aspect of the tumor, and how it affects 
LV function. 

Video 33.3 Newborn with a very large fibroma in the anterolateral 
left ventricular (LV) wall expanding inferiorly and superiorly to the 
level of the great vessels. Subcostal view: the expansion of the mass 
to the level of the aorta can be appreciated. 

Video 33.4 Neonate with pericardial teratoma. Parasternal long- 
axis right ventricular inflow view. Note the large mass anterior and 
lateral to the right atrium. 

Video 33.5 Neonate with pericardial teratoma. High parasternal 
short-axis view of the mass. Note the presence of echodense and 
echolucent zones within the mass. 

Video 33.6 Apical 4-chamber view of a patient with a left atrial 
myxoma. Note the large mobile mass moving with the mitral valve 
leaflets. 
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Introduction 

Echocardiography is the primary diagnostic tool in the initial 
evaluation of children with suspected dilated cardiomyopathy 
(DCM) and myocarditis, and long-term management decisions 
rely in part on serial echocardiographic assessment. Echocar¬ 
diography also plays an instrumental role in the evaluation of 
patients who undergo cardiac transplantation, from initial eval¬ 
uation through long-term follow-up. Patients with DCM or 
myocarditis or who have undergone heart transplantation may 
also require interventions such as mechanical ventricular sup¬ 
port or resynchronization therapy. In each of these situations, 
the focus of the examination is on myocardial performance, and 
the echocardiographic approach is similar, with a focus on sys¬ 
tolic and diastolic function. 


Dilated cardiomyopathy 
Definition 

In 1995, the World Health Organization defined cardiomy¬ 
opathies as “diseases of the myocardium associated with cardiac 
dysfunction,” and classified them according to morphology into 
four distinct types: dilated cardiomyopathy, hypertrophic car¬ 
diomyopathy, restrictive cardiomyopathy, and arrhythmogenic 
right ventricular dysplasia [1]. Specifically, DCM was defined 
as “dilation and impaired contraction of the left ventricle or 
both ventricles” [1]. The weakness of this approach has become 
more apparent as diagnostic advances in fields such as molecular 
genetics have broadened our understanding of cardiomy¬ 
opathies in general: more than two dozen genes have been asso¬ 
ciated with the DCM phenotype, expressed through mitochon¬ 
drial, X-linked, dominant, and recessive inheritance patterns 
[2]. Current debate continues as to the method of classification 
of cardiomyopathies, with a newer proposed classification rec¬ 
ommending a cause-based approach (genetic, acquired, mixed) 


[3]. This classification system carries its own limitations, how¬ 
ever: cardiomyopathies with the same genetic cause may exhibit 
different phenotypes among individuals, and phenotype can 
change over time within the same individual. 

Regardless of the nomenclature difficulties faced by the field, 
echocardiographic establishment of the predominant phenotype 
(dilated, hypertrophic, or restrictive) is relatively straightfor¬ 
ward, even in patients with mixed phenotypes. This has allowed 
large multicenter registries to evaluate the epidemiology and 
outcomes of cardiomyopathies in children [4,5]. 

Incidence 

The true incidence of DCM has been difficult to ascertain, and 
may vary by geography, race/ethnicity, and socioeconomic sta¬ 
tus. Data from the Pediatric Cardiomyopathy Registry (PCMR) 
and Australia estimate the annual incidence of all forms of 
primary pediatric cardiomyopathy to be 1.13-1.24 cases per 
100,000, with DCM accounting for approximately 50-60% of 
these cases [4,5]. These reports exclude patients with DCM due 
to congenital heart disease, arrhythmia, and/or chemotherapy 
exposure. This contrasts with an annual incidence of nonis¬ 
chemic DCM in the adult population of 6-7 cases per 100,000 
[6,7]. Presentation with DCM is most common in children 
under 1 year of age. PCMR data indicate that in children with 
primary DCM, 66% of cases are idiopathic in nature, with 
myocarditis and neuromuscular diseases predominating among 
those with known causal etiology [8]. 

Etiology 

As noted earlier, most cases of pediatric DCM are idiopathic 
in nature, with known causes identified 32-44% of the time 
[5,8,9]. Specific etiologies include genetic, metabolic, infectious, 
immune-mediated, mitochondrial, and environmental toxins 
(Table 34.1) [3]. In the PCMR group, myocarditis was the largest 
single cause of DCM in those under 18 years of age, accounting 
for 16-18% of all cases and 50% of cases with a known etiology 
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Table 34.1 Classification of the dilated cardiomyopathies (modified 
phenotype-based classification). 


Primary 

Peripartum cardiomyopathy 
Post-myocarditis 

Primary familial dilated cardiomyopathy 
Stress cardiomyopathy ("tako-tsubo") 

X-linked cardiomyopathy (dystrophinopathy) 

Metabolic 

Endocrine 

Fatty acid oxidation 

Glycogenoses 

Mucopolysaccharidoses 

Sphingolipidoses 

Secondary 

Cardiovascular 
Congenital heart disease 
Tachycardia-induced 
Valvar heart disease 

Mitochondrial 

Kearns-Sayre 

Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke 
(MELAS) 

Myoclonic epilepsy associated with ragged-red fibers (MERRF) 
NADH-coenzyme Q reductase deficiency 
Cytochrome c oxidase deficiency 

Connective tissue disorders 

Juvenile rheumatoid arthritis 
Lupus erythematosis 
Osteogenesis imperfecta 
Polyarteritis nodosa 
Reye syndrome 
Sarcoidosis 
Systemic sclerosis 

Nutritional 

Selenium deficiency (Keshan disease) 

Thiamine deficiency (beri-beri) 

Inflammatory (myocarditis) 

Infectious: viral, bacterial, fungal parasitic, protozoal, rickettsial, spirochetal 
Kawasaki 

Neuromuscular 

Dystrophinopathies (Duchenne, Becker dystrophies) 

Emery-Dreifuss muscular dystrophy 
Myotonic dystrophy 
Polymyositis 

Roussy-Levy polyneuropathy 
Scapulohumeral muscular dystrophy 
Spinal muscular atrophy 

Toxic 

Alcoholic 

Anthracyclines 

Arsenic 

Chloramphenicol 

Cobalt 

Iron (hemochromatosis) 

Lead 

Ischemic 

Congenital coronary artery malformation 
Acquired coronary artery disease 


Source: Colan SD. Classification of the cardiomyopathies. Prog Pediatr 
Cardiol 2007;23:5-15. Reproduced with permission of Elsevier. 


[8,9]. Other causes of DCM in the pediatric or adolescent pop¬ 
ulation include neuromuscular disorders, familial DCM, and 
inborn errors of metabolism, accounting for 9, 5, and 4% of 
cases, respectively [8]. Additional etiologies include congenital 
heart disease, valvular heart disease, postpartum cardiomyopa¬ 
thy, pacemaker-induced DCM, arrhythmia-induced DCM, and 
coronary artery/ischemic disease; these will not be addressed in 
this chapter. 

In familial DCM, most of the known mutations are associated 
with autosomal dominant inheritance. Familial cases of DCM 
are probably underestimated, as not all families undergo muta¬ 
tion analysis and some mutations may manifest incomplete pen¬ 
etrance. Mutations associated with autosomal dominant inher¬ 
itance include those involving cytoskeletal proteins such as 
P~ and 5-sarcoglycan and sarcomere proteins such as actin and 
cardiac troponin T. More than 50 single genes have been linked 
to DCM, with many of the same genes also linked to other 
forms of cardiomyopathy, particularly hypertrophic cardiomy¬ 
opathy [3,10,11]. In addition, several genetic forms of DCM are 
associated with skeletal myopathy, including Duchenne/Becker 
muscular dystrophy, Barth syndrome, Emery-Dreifuss muscu¬ 
lar dystrophy, and limb-girdle muscular dystrophy. 

Pathophysiology 

Myocardial damage and reduced cardiac function lead to 
decreased cardiac output; this results in a complex cascade of 
neurohormonal and vascular changes that increase preload and 
afterload, triggering a cycle of continued myocardial damage 
and remodeling. Stimulation of the sympathetic and renin- 
angiotensin systems leads to vasoconstriction, increased circu¬ 
lating catecholamines, stimulation of aldosterone secretion, and 
salt and water retention. Both the primary myocardial insult and 
the secondary effects of vascular and neurohormonal alterations 
result in myocardial cellular changes, including necrosis, apop¬ 
tosis, and fibrosis. These changes lead to myocardial remodel¬ 
ing, with alterations in left ventricular (LV) geometry and com¬ 
pliance. A comprehensive review of these events is beyond the 
scope of this chapter, but can be found elsewhere [12,13]. 

Treatment and outcome 

Current therapeutic strategies for treatment of cardiomyopa¬ 
thy are aimed at improving symptoms in addition to reversing 
the negative effects of maladaptive ventricular remodeling (e.g., 
LV dilation and myocyte hypertrophy). This phenomenon of 
improving cardiac geometry and function with various thera¬ 
pies is known as “reverse remodeling” and occurs at the molec¬ 
ular, cellular, tissue, and chamber levels. These therapies may be 
aimed at decreasing afterload (angiotensin-converting enzyme 
inhibitors or receptor blockers), decreasing preload (diuretics), 
and altering the neurohormonal profile (beta-blockers). Intra¬ 
venous therapy with agents such as milrinone and dobutamine 
further decreases afterload and increases myocardial contrac¬ 
tility. Additional interventions may include anticoagulation, 
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nutritional support, and the use of antiarrhythmic medica¬ 
tion. Failure of maximal medical therapies necessitates other 
forms of support, including biventricular pacing [cardiac resyn¬ 
chronization therapy (CRT)], mechanical support [ventricular 
assist device (VAD)], extracorporeal membrane oxygenation 
(ECMO), and cardiac transplantation. 

The clinical course of DCM in the pediatric population is vari¬ 
able, and a comprehensive risk stratification algorithm does not 
exist. Data suggest that the 1- and 5-year risks of death or trans¬ 
plantation in pediatric DCM are 28-31% and 37-46%, respec¬ 
tively [8,14]. In a systematic review of outcome predictors in 
pediatric DCM [15], younger age at diagnosis, higher LV short¬ 
ening fraction (SF) and ejection fraction (EF), and the pres¬ 
ence of myocarditis have been associated with better prognosis. 
Poor prognostic factors inconsistently identified in smaller stud¬ 
ies have included the presence of a more spherically shaped LV 
[higher sphericity index (SI)], endocardial fibroelastosis, lack of 
improvement in cardiac function over time, arrhythmia, pres¬ 
ence of intracardiac thrombus, thinning of the posterior wall, 
and significant mitral regurgitation (MR) [8,14,16-19]. Data 
also suggest that measures of myocardial velocities and right 
ventricular (RV) function maybe predictive [20]. 

Fetal dilated cardiomyopathy 

Fetal DCM is rare and accounts for a very small portion of heart 
disease discovered during fetal ultrasonography; it accounted 
for 0.2% of all fetal echocardiograms over a 20-year period in 
one large tertiary center [21]. Etiologies of DCM in the fetus are 
typically the same as in the neonate and include metabolic dis¬ 
ease, myocarditis, tachycardia, familial/genetic and idiopathic. 
Other causes that may be seen predominantly in fetal life 
include anemia and endocardial fibroelastosis. Cardiac dysfunc¬ 
tion secondary to structural heart disease (such as LV outflow 
tract obstruction) must be excluded. Fetal cardiac function may 
appear normal early in pregnancy, with evidence of DCM devel¬ 
oping after 23 weeks [22]. Overall prognosis of DCM diagnosed 
in fetal life is poor, although fetuses with DCM secondary to 
treatable causes (such as arrhythmia) may have a better outcome 
[22]. Survival is less than 20% in fetuses with DCM and hydrops 
and approximately 50% in nonhydropic fetuses with DCM [21]. 


Myocarditis 

Definition 

Myocarditis is defined as an inflammatory disease of the 
myocardium diagnosed by established histologic, immuno¬ 
logic, and immunohistochemical criteria. Idiopathic, autoim¬ 
mune, and infectious forms of inflammatory cardiomyopathy 
are recognized [1]. These inflammatory forms of cardiomy¬ 
opathy are typically acquired, although some people may be 
genetically predisposed to these diseases. The Dallas criteria 
[23], which require histopathologic evidence of inflammatory 


infiltrate and myocardial cell damage, have been used to diag¬ 
nose myocarditis. However, these criteria underestimate the 
incidence because of issues with sampling error, variations in 
interpretation, immune modulation in the heart, variable host 
immunologic response, and differences in patient selection for 
cardiac biopsy. Identification of viral DNA or evidence of sys¬ 
temic immune activation can aid in the diagnosis of myocardi¬ 
tis in the appropriate clinical setting. Clinical pathologic clas¬ 
sification of myocarditis includes fulminant, chronic persistent, 
giant cell, and eosinophilic types [24]. In myocarditis, diagnos¬ 
tic echocardiographic findings are nonspecific; the distinction 
between DCM and myocarditis is often not possible. Cardiac 
magnetic resonance imaging (CMR) may be more sensitive and 
specific [25,26] in confirming the inflammatory nature of the 
disease, particularly in the acute setting [27]. 

Incidence 

Myocarditis as a separate entity is typically sporadic and its inci¬ 
dence has been even more difficult to ascertain than DCM. Clin¬ 
ical manifestations are variable, the ability to confirm active or 
preceding viral infection is limited, and the initial presentation 
may be clinically silent. In a retrospective study, biopsy-proven 
myocarditis in children occurred at a rate of 2.5 cases per year in 
a population of 3 million people [28]. 

Etiology 

The primary etiology of myocarditis in the pediatric popula¬ 
tion is viral or postviral. Viruses implicated include coxsackie 
B, adenovirus, cytomegalovirus, enterovirus, influenza A and 
B, varicella, picornavirus, parvovirus, HIV, and Epstein-Barr 
virus [7,29], with far fewer cases associated with bacterial, rick¬ 
ettsial, fungal, and parasitic infections. Giant cell myocarditis is 
an aggressive inflammatory myocarditis that is rare in children 
and associated with severe ventricular arrhythmia. Eosinophilic 
myocarditis is also rare and associated with hypersensitivity 
reactions. Chronic myocarditis may be due to chronic viral 
infection and autoimmune conditions. 

Pathophysiology 

The immunopathogenesis of inflammatory cardiomyopathy 
has been primarily studied in mice [30]. Host factors that 
play a role in susceptibility to infection and development of 
myocarditis include genetic factors (i.e., major histocompatibil¬ 
ity complex), age, gender, and nutritional state [30]. Myocardial 
damage can result directly from infection or through immune- 
mo dulated mechanisms. Evidence indicates that the develop¬ 
ment and severity of myocarditis are related to cellular-mediated 
immune function, primarily associated with T-cell lymphocyte 
activity [30], with cytokine activation probably playing a major 
role in the inflammatory response [30,31]. Viral RNA can be 
detected using molecular techniques and viral persistence in the 
myocardium may play a role in chronic myocarditis [32]. There 
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is also evidence that viral myocarditis could be a trigger for apop- 
totic cell death [30]. 

Treatment and outcome 

Supportive treatment similar to that discussed for DCM is also 
utilized for acute myocarditis. There is no consistent approach or 
recommendation for immune-modulated therapy for myocardi¬ 
tis. Some pediatric centers use intravenous gamma-globulin 
and/or steroids in the clinical setting of myocarditis; some 
patients with fulminant myocarditis require mechanical support 
with ECMO or VAD. There are some data to suggest that those 
with biopsy-proven myocarditis may have a better outcome than 
those with idiopathic disease [8,14,15]. 

Heart transplantation 

The first successful pediatric heart transplant occurred in 1984; 
since then, more than 10,000 transplants in children have been 
reported to the International Society for Heart and Lung Trans¬ 
plantation [33]. Survival of pediatric post-transplant patients 
over this period has increased steadily and is now 90% at 1 year 
and 80% at 3 years [34]. This improvement has occurred pri¬ 
marily in early survival, with late survival rates remaining essen¬ 
tially unchanged for the last two decades. The most common 
causes of death early after transplant are infection and rejec¬ 
tion. By 3 years, coronary artery vasculopathy and graft failure 
predominate [34]. 

The leading cause of heart transplantation in children over 
1 year of age is DCM with end-stage heart failure. The PCMR 
data indicate that 40-45% of children with DCM died or were 
transplanted within 5 years of diagnosis [8]. Although timing 
and indications for transplant vary somewhat among centers, in 
general, patients are listed for transplant if they cannot be sep¬ 
arated from inotropic and/or mechanical support. Outpatients 
with severely impaired quality of life or intractable growth fail¬ 
ure may also be considered. 

Myocarditis can present with acute, fulminant heart failure 
and marked hemodynamic compromise; however, many of these 
patients normalize systolic function over time, with relatively 
fewer deaths/transplants compared with DCM groups. The 
PCMR reported a death or transplant rate of 24% in patients with 
myocarditis compared with 47% in the DCM group [35]. In a 
registry report of ECMO centers, 7/255 patients with myocardi¬ 
tis underwent heart transplantation [36]. 

Even though allograft rejection is common following trans¬ 
plant, the incidence has been decreasing over time, from 34% 
in 2004 to 24% in 2011 [33]. The diagnosis of rejection is typ¬ 
ically made by endomyocardial biopsy. Early signs and symp¬ 
toms of acute rejection are often absent, necessitating frequent 
surveillance biopsies. Rejection can be classified as cellular or 
antibody-mediated. Acute cellular rejection is graded accord¬ 
ing to well-established histologic criteria, and is treated with 


increased immunosuppression. Antibody-mediated rejection is 
not as well characterized. Although the absence of standard¬ 
ized criteria for diagnosing antibody-mediated rejection leads 
to considerable heterogeneity in diagnosis and treatment, its 
incidence does appear to be increasing [37]: the incidence of 
biopsy-negative acute rejection is reported to be as high as 20% 
in adult transplant recipients [38]. 

In long-term follow-up, the most common causes of death in 
the child who has undergone cardiac transplantation are coro¬ 
nary artery vasculopathy and graft failure [39]. Clinical manifes¬ 
tations and symptoms of coronary vasculopathy may be subtle 
owing to the diffuse, multifocal nature of the vascular changes 
and denervation of the heart. Current methods used to detect 
graft vascular disease include angiography, often in combina¬ 
tion with other modalities such as exercise or dobutamine stress 
echocardiography (DSE) [40,41] or intravascular ultrasound 
(IVUS) [42]. 

Imaging 

Echocardiography is instrumental in the diagnosis, manage¬ 
ment, and follow-up of myocarditis and DCM. However, it is 
usually not helpful in determining the etiology of these disease 
processes. The key elements of the echocardiographic examina¬ 
tion are summarized in the following. 

Goals of imaging 

In all first-time evaluations, a complete anatomic and func¬ 
tional evaluation by two-dimensional (2D), color, and spectral 
Doppler should be performed, with particular attention paid 
to assessing coronary artery origins with and without color 
Doppler. 

General information to be obtained on all examinations (ini¬ 
tial and follow-up): 

• Height, weight, blood pressure (systolic, diastolic, and mean) 

• Evaluation to exclude: 

° pericardial effusion 
° mitral regurgitation 

° pulmonary artery hypertension 
° intracardiac thrombi 

Left ventricular size, geometry and systolic performance: 

• Left ventricular dimensions, volumes 

• 2D global function (ejection fraction, shortening fraction) 

• Degree of sphericity 

• Assessment of end-systolic wall stress 
Left ventricular diastolic function: 

• Left atrial size 

• Pulsed-wave Doppler of mitral valve inflow 

• Tissue Doppler imaging (TDI) of mitral annulus 
Combined indices: 

• Myocardial performance index 

• dPIdt 
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Additional considerations for heart transplant recipients: 

• Anastomosis sites 

• Patent foramen ovale in the allograft 

• Degree of tricuspid regurgitation 

• Right ventricular systolic function (fractional area change) 

• Consider intravascular ultrasound (IVUS) to assess presence 
of coronary artery vasculopathy 

Additional considerations for assessment of ventricular syn¬ 
chrony: 

• Interventricular mechanical delay by LV and RV outflow 
Doppler 

• Consider TDI-derived timing intervals for intraventricular 
dyssynchrony 

• Pulse wave of mitral inflow to assess for AV dyssynchrony, 
especially in paced rhythms 

Additional considerations for assessment of mechanical sup¬ 
port: 

• Cannula positioning 

• Doppler assessment of cannula flow 

• Adequacy of LV decompression 

• Presence of a patent foramen ovale 

• Assessment of aortic regurgitation 

• Assessment of RV function. 

The presence of a dilated, poorly contractile ventricle is eas¬ 
ily recognized with transthoracic imaging (Videos 34.1 and 
34.2). Because afterload, preload, and contractility affect overall 
cardiac performance, volume- and/or pressure-loading lesions 
(e.g., aortic stenosis or regurgitation, coarctation, MR) must be 
excluded at the time of initial presentation. It is also critically 
important to exclude other surgically correctable lesions, partic¬ 
ularly anomalous origin of the left coronary artery from the pul¬ 
monary artery (ALCAPA) (Figure 34.1a,b). In any patient pre¬ 


senting with features of DCM, the origin of the coronary arteries 
should be demonstrated by 2D imaging and confirmed by color 
Doppler in multiple views. Dilation of the right coronary also 
suggests that ALCAPA may be present. If the coronary artery 
origins are not demonstrated conclusively by color Doppler, then 
alternative imaging (i.e., angiography) is necessary. 

Useful echocardiographic assessment in the patient with 
DCM or myocarditis includes data regarding flow, pressures, 
volumes, and fiber shortening. Left ventricular dimensions, wall 
thickness, volumes, mass, SF, and EF are the echocardiographic 
cornerstones of DCM evaluation. Wall stress, rate-corrected 
velocity of circumferential fiber shortening (VCFc), and spheric¬ 
ity are also utilized in many institutions. Other parameters may 
add information, including assessment of diastolic function, 
myocardial performance index (MPI, or Tei index), and 3D 
imaging. Other findings associated with DCM and/or myocardi¬ 
tis should be evaluated (see the list at the start of the Goals of 
imaging section). 

Most measures of LV size and function in the pediatric pop¬ 
ulation are based on normal values derived from age- and body 
surface area-adjusted variables. Reporting these data as z-scores 
(number of standard deviations from the mean value) allows 
standardization of variables that change with age and growth 
[43]. Additional information on this topic can be found in 
Chapter 5. 

Left ventricular size and geometry 
Left ventricular size 

Measures of LV size typically include LV end-diastolic and 
systolic dimensions from M-mode or 2D imaging, and LV 
end-diastolic and systolic volumes from 2D or 3D imaging. 
Often in DCM the heart is so large that the LV apex is difficult 



(a) (b) 

Figure 34.1 Anomalous origin of the left coronary artery (arrow) from the pulmonary artery (ALCAPA). By 2D imaging alone in parasternal short-axis 
view, the left coronary artery may appear to be normal (a), but with color Doppler (b), flow from the left coronary artery can be seen entering the 
pulmonary artery. In this patient, the pulmonary vascular resistance has dropped and there is coronary “steal” into the pulmonary artery 
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(b) (d) 

Figure 34.2 Common methods of calculating LV volume require images in two planes. The biapical Simpson method requires LV areas in apical 
4-chamber (a) and 2-chamber (b) views. The 5/6 X area X length (5/6AL) method requires an apical 4-chamber view LV length (c) and a short-axis LV 
area (d). LV, left ventricle. 


to image, and care must be taken not to foreshorten the ventricle 
and to understand the limitations of the measurements under 
these conditions. From 2D imaging, common algorithms of 
determining LV volume include both the Simpsons biplane 
method (Figure 34.2a,b) and the 5/6 area-length method 


(Figure 34.2c,d) [44] It is critical that the same method of deter¬ 
mining ventricular volumes be used across serial examinations 
in a given patient. It should also be the same method as that 
used in the z-score database, as these algorithms yield different 
values. 







Chapter 34 Dilated Cardiomyopathy, Myocarditis, and Heart Transplantation 659 





T —-jV-issT 


(b) (d) 

Figure 34.3 Apical 4-chamber view demonstrates the sphericity index in a normal patient (a,b) and in a patient with dilated cardiomyopathy (DCM) (c,d). 
The sphericity indexes are 0.67 for the healthy patient and 0.93 for the patient with DCM. Dist, distance; LVIDd, left ventricular end-diastolic dimension. 



Left ventricular geometry 

The alteration in LV geometry in the setting of LV dysfunction 
is characterized by change from an ellipsoid shape to a spheri¬ 
cal shape. This process is associated with increased thinning of 
the ventricular wall, increased end-systolic wall stress, decreased 
contractility and increased MR [45,46]. The SI is a measure of 
the LV geometry and is calculated as the LV diastolic short-axis 
dimension divided by the LV diastolic long-axis dimension; the 
SI approaches unity as the LV becomes more spherical (Figure 
34.3a-d). It is useful only in structurally normal hearts. In a 
small group of children and adolescents, the mean SI has been 
reported as 0.66 ± 0.07 in healthy patients and 0.89 ± 0.10 in 
those with LV dysfunction [45]. The same study demonstrated a 
significant negative correlation between SI and measures of LV 
systolic function (SF and EF). 

Left ventricular systolic performance 
Shortening fraction and ejection fraction 
Measures of ventricular systolic function that are most com¬ 
monly used in clinical practice include SF and EF. M-mode 


or 2D-derived LV dimensions are used to determine SF, and 
also the corrected velocity of circumferential fiber shortening 
(VCFc). 2D imaging and determination of ventricular volumes 
provide values for EF. VCFc, SF, and EF are sensitive to loading 
conditions and may not provide true reflections of underlying 
myocardial contractility. Despite these limitations, SF and EF are 
relatively easy to measure and are useful for comparing systolic 
function in the same patient over time. 

Wall stress and measurement of afterload 
Left ventricular wall stress can be calculated as a measure of 
afterload. Afterload is an important determinant of overall car¬ 
diac performance; end-systolic stress is the most relevant mea¬ 
surement with regard to systolic function [47]. The stress- 
adjusted shortening (relationship of wall stress to SF, dependent 
on preload) and stress-adjusted velocity (relationship of wall 
stress to VCFc, not dependent on preload) can then be used to 
adjust for preload and afterload, thus isolating true contractility 
The method of measuring end-systolic wall stress is discussed in 
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Figure 34.4 Tissue Doppler imaging with 
myocardial velocities from the lateral mitral 
annulus in a normal subject (a) with normal 
myocardial velocities, and in a patient with severe 
DCM (b), demonstrating significantly lower 
myocardial velocities. 


Chapter 7. LV end-systolic wall stress is predictive of outcome in 
adult patients with DCM [48]. 

Left ventricular diastolic function 
Assessment algorithms 

Multiple algorithms have been proposed for comprehensive 
evaluation of LV diastolic function [49,50]. Much of the study 
of diastolic function in DCM, however, focuses more on indi¬ 
vidual parameters than on the results of complete algorithms. 


Left atrial size 

During diastole, the left atrium (LA) is exposed to the load¬ 
ing pressure within the LV, resulting in remodeling of the LA 
over time. Thus, LA size becomes a marker of the chronicity 
of LV diastolic dysfunction [49]. Robust normal adult data are 
available, and some pediatric normal data have also been pub¬ 
lished [51]. The presence and degree of MR should be taken into 
account when evaluating LA size. 
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Table 34.2 Myocardial performance index (MPI) and tissue Doppler imaging 
(TDI) data in patients with dilated cardiomyopathy and in control subjects. 



Dilated cardiomyopathy 

Control subjects 

N 

80 

80 

Age (years) 

7.2 ±6.1 

7.1 ± 5.7 

LV SF (%) 

21.6 ±6.6** 

38.1 ±4.0 

LV MPI 

0.67 ±0.20** 

0.33 ±0.06 

Mitral TDI a 

MV-e' 

11.8 ±4.8*** 

16.8 ±4.7 

MV-a' 

5.6 ±3.0* 

6.4 ± 1.9 

MV-s' 

6.5 ±2.2*** 

9.1 ±3.0 

Septal TDI a 

IVS-e' 

8.5 ±2.9*** 

12.8 ±2.7 

IVS-a' 

5.6 ± 1.8 

5.9 ± 1.2 

IVS-s' 

5.7 ± 2.0*** 

7.8 ± 1.9 

Tricuspid TDI a 

TV-e' 

12.7 ±3.9*** 

15.9 ±3.2 

TV-a' 

9.2 ±3.3* 

10.3 ±2.5 

TV-s' 

10.6 ±2.9*** 

12.9 ±2.2 

Mitral e/e' ratio 

9.4 ±6.5*** 

6.1 ±2.1 

Septal e/e' ratio 

11.7 ±4.2*** 

7.8 ±2.1 

Tricuspid e/e' ratio 

4.5 ± 1.7* 

3.9 ±0.9 


a'. Late diastolic velocity as measured by TDI; e, early diastolic velocity; e', 
early diastolic velocity as measured by TDI; IVS, septal annulus; LV, left 
ventricle; MV, lateral mitral annulus; s', systolic velocity as measured by TDI; 
SF, shortening fraction; TV, lateral tricuspid annulus. Data expressed as 
mean ± SD. 

a Doppler velocity data expressed in cm/s. 

*p < 0.05, **p < 0.01, and ***p < 0.001 compared with control subjects. 
Source: Eidem et al. 2005 [56]. Reproduced with permission of Elsevier. 

Mitral inflow velocity profile 

The mitral inflow Doppler pattern contains several items for 
examination, including the E- and A-wave velocities and the 
deceleration time of the E wave. The load dependence of these 
measures limits their utility somewhat, but they are particularly 
useful when combined with tissue Doppler imaging. 

Tissue Doppler imaging 

Direct myocardial velocities can be measured using tissue 
Doppler imaging (TDI). This technique allows quantitative 
evaluation of regional myocardial function and is considered 
less load dependent than spectral Doppler of the mitral valve. 
Myocardial velocities at the level of the mitral or tricuspid 
valve annulus are indicative of longitudinal LV or RV function, 
respectively (Figure 34.4a,b). Systolic myocardial peak velocity 
(s'), early diastolic velocity (e') and late diastolic velocity (a') 
are typically measured. Normal values for children have been 
published [52-54]. Mitral annular velocities are decreased in 
adult [55] and pediatric [20,56] patients with DCM compared 
with healthy subjects (Table 34.2). Additional findings in DCM 
include increased MV pulsed-wave e to TDI e' ratio (e/e') com¬ 
pared with controls [56], and an indication that lower mitral and 
tricuspid annular e' velocities may be predictive of worse out¬ 
come in pediatric DCM [20]. 


Isovolumic relaxation time 

The isovolumic relaxation time (IRT) is the interval between 
aortic valve closure and mitral valve opening, and can be mea¬ 
sured from an LV inflow-outflow Doppler tracing (Figure 34.5a) 
or from a TDI tracing (Figure 34.5b). The IRT varies with heart 
rate, hence values may not always be able to be dichotomized 
into normal and abnormal [49]. 

Combined systolic and diastolic indices 
Myocardial performance index 

The MPI, or Tei index, is a Doppler measure that assesses 
both systolic and diastolic function [57]. It can be measured 
by either pulsed-wave Doppler or TDI by determining the sum 
of the isovolumic contraction and isovolumic relaxation times 
divided by the ejection time (Figure 34.5a,b). With progressive 
LV dysfunction, the LV ejection time is decreased and the MPI 
becomes prolonged. The MPI in pediatric patients with dilated 
cardiomyopathy (0.78 ± 0.28) has been shown to be significantly 
increased compared with that in normal subjects (0.36 ± 0.07) 
[58], although it is not a strong predictor of death, transplanta¬ 
tion, need for hospitalization or intravenous ionotropic support 
[20]. It is sensitive but not specific, and can reflect abnormal¬ 
ities in preload, afterload, contractility, diastolic function, and 
conduction. MPI has been more predictive of outcome in adult 
DCM and heart failure [59,60]. 

Change in LV pressure over time 

If MR is present, change in LV pressure over time (dP/dt) 
can be calculated and reflects contractility. The normal time 
interval by this measure (the time difference between 1 and 
3 m/s) is <27 ms. With significant LV dysfunction, the peak 
velocity of MR will occur in mid-to-late systole, as there is a 
slower rate of rise in LV pressure seen in the presence of reduced 
contractility (Figure 34.6) [61]. As with other measures of LV 
systolic function, dP/dt is both preload and afterload dependent 
and is also dependent on the presence and severity of MR. 

Other imaging modalities 

Stress echocardiography 

Stress echocardiography is an additional useful technique in 
the evaluation of contractile function in dilated cardiomyopa¬ 
thy. “Stress” is typically induced with exercise or pharmacolog¬ 
ically, most commonly using dobutamine, although there is no 
consensus regarding method, protocol or measure of contractile 
reserve to use. Data indicate that dobutamine stress echocardio¬ 
graphy has prognostic significance in adolescent patients with 
DCM, and may be of added benefit in clinical decision-making 
in conjunction with metabolic exercise testing in this group of 
patients [62]. 

3D Echocardiography 

Ventricular volumes as measured by 3D echocardiography 
and volumetric methods more closely correlate with values 





662 Part VI Anomalies of Ventricular Myocardium 


FR 50HZ 


20 

62% 
C 50 
P Off 
HGen 


J' 



IftT 

Time 


ET 

Time 


Time 


PW 

40% 
3.5MHz 
WF 150Hz 
SV2.0mm 
7.5cm 


66 ms 


238 ms - 


82 ms 


- GO 
-40 



-20 

'•Mi 0 

g- cm/s 

M i * 

- -20 

k' 

--40 

H 

- -60 


- 


--80 


—100 


lOOmm/s 



(b) 


Figure 34.5 Measurement of the IRT (isovolumic 
relaxation time) and myocardial performance 
index (MPI, or Tei index) (a) in a patient with 
dilated cardiomyopathy, by LV inflow-outflow 
pulsed Doppler (MPI = 0.62, elevated) and (b) in 
a normal patient by tissue Doppler imaging 
(MPI = 0.38, normal). ET, ejection time; ICT, 
isovolumic contraction time; LV left ventricle. 


obtained by CMR than those measured by 2D (biplane) meth¬ 
ods, even given the altered ventricular geometry and morphol¬ 
ogy seen in DCM [63,64]. In very large ventricles, however, 
3D echocardiography will also underestimate volumes, com¬ 
pared with CMR [64,65]. 3D echocardiography can be used to 
evaluate and quantify other cardiac chambers, including RV size 
and function and LA volumes, both of which may be impor¬ 
tant in patients with cardiomyopathy [66,67]. See Chapter 42 for 
additional comment on 3D evaluation. 


Evaluation of the fetus with cardiomyopathy 

Fetal echocardiography for assessment of cardiac function 
should include evaluation of both the RV and LV, includ¬ 
ing systolic and diastolic function, since both ventricles pump 
to the systemic circulation. Evaluation can include measure¬ 
ment of biventricular cardiac output, LV SF and EF, mitral and 
tricuspid inflow Doppler patterns, and evaluation of Doppler 
flow patterns in the vena cava, ductus venosus, and umbilical 
vein. Newer methods still being investigated in the fetus include 




Chapter 34 Dilated Cardiomyopathy, Myocarditis, and Heart Transplantation 663 


Figure 34.6 dP/dt measured from MR jet, = 
32/time interval (seconds) between 1 and 
3 m/s. In this patient with dilated 
cardiomyopathy, dP/dt is 508 mmHg/s. MR, 
mitral regurgitation. 



determination of the MPI and the use of TDI to evaluate myocar¬ 
dial velocities [68-72]. Additionally, a fetal cardiovascular pro¬ 
file score has been developed to assess overall fetal cardiac well¬ 
being [68,73,74]. For fetuses at increased risk of DCM (family 
history anemia, etc.), serial fetal echocardiograms may be use¬ 
ful given the evolving nature of the disease and the potential for 
late gestational presentation. 


Special imaging considerations 

Pericardiac transplant evaluation 

Underlying congenital heart disease is a common indication 
for cardiac transplant in pediatrics [33], hence pre-transplant 
assessment requires complete understanding of the origi¬ 
nal anatomy Post-transplant imaging evaluation also requires 
familiarity with the original cardiac morphology in addition to 
the type of transplant surgery performed. Although all cardiac 
transplants have anastomotic sites at the pulmonary artery and 
aorta, the venous anastomoses can be either biatrial or bicaval 
with pulmonary venous anastomoses. Biatrial anastomoses typ¬ 
ically give the atria a significantly enlarged appearance (Fig¬ 
ure 34.7). Each anastomotic site has the potential to become 
obstructed, particularly the superior vena cava after bicaval 
anastomosis-type procedures [75] (Figure 34.8a,b). Clinically 
significant RV dysfunction and tricuspid regurgitation in the 
allograft can occur due to increased pulmonary vascular resis¬ 
tance in the recipient [76,77]. The severity of tricuspid regurgi¬ 
tation on postoperative TEE at the time of cardiac transplanta¬ 
tion has been shown to predict poor late survival in adult cardiac 
transplant recipients [77]. 


Cardiac allograft rejection surveillance by 
echocardiography 

The current gold standard for diagnosing post-transplant rejec¬ 
tion is endomyocardial biopsy but because it is invasive, the 
search for noninvasive methods has been aggressively pur¬ 
sued. Although echocardiographic measures demonstrating a 
decrease in cardiac performance may have good specificity 
in predicting rejection in pediatric heart transplant patients, 



Figure 34.7 Apical 4-chamber view shows biatrial enlargement in a patient 
status post-heart transplant with a biatrial anastomosis. 
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Figure 34.8 Subxiphoid sagittal view shows 
superior vena caval (SVC) obstruction in a 
patient status post-heart transplant, (a) 
Narrowing at the SVC anastomosis is 
demonstrated by 2D and color Doppler 
imaging; (b) spectral Doppler evaluation of the 
mean gradient across the obstructed region. 


sensitivity remains limited [78]. Early after pediatric transplant, 
both systolic and diastolic longitudinal myocardial velocities, 
as assessed by TDI, are depressed. Velocities improve over the 
first 6 months after transplant but remain below control val¬ 
ues [79]; LV MPI is more prolonged, and wall motion abnor¬ 
malities are common [80]. During rejection, TDI velocities are 
further reduced (Figure 34.9a,b) and the MPI is prolonged 
[81]. Many echocardiographic measures have good negative pre¬ 
dictive value for rejection [78,82]. Therefore, echocardiogra¬ 
phy may be more useful in excluding rejection as a diagno¬ 
sis and potentially limiting the number of invasive myocardial 
biopsies. 


Long-term surveillance for allograft vasculopathy is typi¬ 
cally carried out through angiography. It may not, however, 
correlate with either pathologic findings or functional signifi¬ 
cance of the vasculopathy. IVUS is more sensitive than angiog¬ 
raphy, predicts morbidity and mortality in adult transplant 
patients [83,84] (Figure 34.10), and can be safely and effectively 
performed in pediatric patients [85,86]. There are also data in 
both children and adults indicating that conventional dobu- 
tamine stress echocardiography [42,87] is useful in detection of 
graft coronary vasculopathy. 

Regardless of the length of time post-transplant, evaluation 
of tricuspid regurgitation remains important, as it may develop 
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(a) 


Figure 34.9 (a) Septal myocardial velocities 1 
month prior to severe rejection, (b) Further 
decreased myocardial velocities in the same 
patient with severe, acute rejection. 



(b) 


as a result of injury to the valve during catheterizations. Some 
clinicians have relied on real-time 2D and 3D echocardiography 
for echo-guided myocardial biopsies [88,89]. 

Cardiac resynchronization therapy for 
cardiomyopathy 

Cardiac resynchronization therapy (CRT) has shown significant 
benefit in many adult patients with heart failure in terms of 


reducing hospitalizations and prolonging survival [90]. Despite 
this success, 25-35% of patients who receive CRT based on cur¬ 
rent criteria (NYHA functional class III—IV, QRS >120 ms and 
EF <35%) do not respond [91]. Many echocardiographic indices 
have been proposed to play a role in further identification of 
patients who might benefit from CRT. 

Cardiac dyssynchrony in heart failure occurs at three levels: 
atrioventricular (prolonged left-sided atrioventricular delay), 
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Baseline 1 Year 



Intimal Thickness 0.19 mm Intimal Thickness 0.82 mm 


Figure 34.10 Intravascular ultrasound (IVUS) 
images showing a >0.5 mm difference between 
the intimal thickness observed at baseline and 1 
year post-transplant, demonstrating rapidly 
progressive transplant vasculopathy. Source: 
Tuzcu et al. 2005 [83]. Reproduced with 
permission from Elsevier. 


interventricular (discordant timing of contraction between the 
LV and RV) and intraventricular (delayed activation of one 
region of a ventricle relative to another region in the same 
ventricle). The end result of dyssynchrony is reduced cardiac 
efficiency and stroke volume, worsening MR, prolonged isovo- 
lumic phases, and impaired diastolic filling [92]. Currently there 
is no consensus on the best parameters to predict response or 
follow patients undergoing CRT. 

In adults with heart failure, methods and parameters used to 
evaluate ventricular dyssynchrony have included the following. 

Interventricular dyssynchrony 

• Interventricular mechanical delay (IVMD): the difference 
between the LV and RV pre-ejection intervals (measured from 
QRS to onset of flow across the aortic and pulmonary valves) 


A difference of >40 ms is considered abnormal in the adult 
population (Figure 34.11 a,b) [93,94]. 

Intraventricular dyssynchrony 

A multitude of parameters that measure intraventricular dyssyn¬ 
chrony have been used to predict response to CRT (Table 34.3). 

Some of the more common include: 

• Septal-to-posterior wall motion delay: determined using 
parasternal short-axis M-mode by measuring the time from 
the maximal posterior displacement of the anterior septum to 
the maximum thickening of the posterior wall, with >130 ms 
being significant in adults [94-96]. 

• LV pre-ejection interval: measured as described earlier for 
IVMD (Figure 34.11a), with >140 ms considered prolonged 
in adults [94,95]. 



Figure 34.11 Measurement of the interventricular mechanical delay (IVMD) (a) Left ventricular (LV) and (b) right ventricular (RV) pre-ejection intervals 
(PEIs), demonstrating a difference between the LV-PEI and RV-PEI of 34 ms. 
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Table 34.3 Measurements of regional delay to predict CRT response. 


Study 

Parameter 

N 

Population 

Ischemic 
etiology (%) 

Follow-up 

(months) 

Response 

Cut-off 

Sensitivity 

(%)/specificity 

(%) 

Pitzalis et al. [96] 

SPWMD 

20 

NYHA III, QRS >140 ms, LVEF 
<35%, SR, LBBB 

20 

1 

LVESV 

>15% 

130 ms 

100/63 

Soliman et al. [109] 

3D-SDI 

90 

NYHA >111, QRS >120 ms, LVEF 
<35%, SR 

51 

12 

LVESV 

>15% 

>10% 

96/88 

Bax et al. [110] 

Ts-4 

80 

NYHA >111, QRS >120 ms, LVEF 
<35%, SR, LBBB 

55 

6 

LVESV 

>15% 

NYHA >1 

65 ms 

65 ms 

92/92 

80/80 

Yu et al. [97] 

Ts-SDI 2 

30 

NYHA III, QRS >140 ms, LVEF 
<40% 

40 

3 

LVESV 

>15% 

32.6 ms 

100/100 

Yu et al. [Ill] 

TSI-TS-SD12 

56 

NYHA >111, QRS >120 ms, LVEF 
<40% 

50 

3 

LVESV 

>15% 

34.4 ms 

87/81 

Suffolento et al. [112] 

2D-RS 

50 

NYHA >111, QRS >120 ms, LVEF 
<35%, SR 

62 

8 ± 5 

LVESV 

>15% 

130 ms 

89/83 

2D-RS, speckle tracking radial strain; 3D-SDI, standard deviation of 16 time-volume peaks; LBBB, left bundle branch block; LVEF, left ventricle ejection 
fraction; LVESV, left ventricle end-systolic volume; NYHA, New York Heart Association class; SPWMD, M-mode septal to posterior wall motion delay; SR, 
sinus rhythm; TS-4, maximal velocity delay between four basal segments; TSI, tissue synchronization imaging; TS-SD12, standard deviation of velocity peaks 
in 12 basal and midventricular segments. 

Source: Leenders et al. 2011 [92], ©The Author(s) 2010. Reproduced under open access. 




Figure 34.12 Placement of left ventricular assist device with apical cannulation (a) and biventricular assist device (b). Source: Reproduced courtesy of 
Berlin Heart AG, Berlin, Germany 
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Table 34.4 Checklist for evaluation of patients receiving VADs. 


Pre-VAD evaluation 

■ Cardiac anatomy 

■ Chamber dimensions and function 

■ Valvular abnormalities 

• Degree of regurgitation or stenosis 

• Annular dilation 

■ Intracardiac shunts (PFO, ASD, VSD); level, direction, and amount of 
shunt 

■ Intracardiac thrombus or spontaneous contrast 

■ Assessment of the ascending aorta 
Intraoperative evaluation 

■ RV size and function (if LVAD alone) 

■ LV unloading 

■ Valvular abnormalities 

■ Intracardiac shunts: level, direction and amount of shunt 

■ Inflow and outflow cannula position and Doppler 

• LV inflow cannula: in LV apex 

° View in mid-esophageal 4-chamber and long-axis views 
° Parallel to septum and aligned with mitral inflow 
° Unidirectional flow from left ventricle into the cannula 

• LV outflow: in ascending aorta 

° View in mid-esophageal long-axis view 

• RV inflow: in the right atrium 

° View in mid-esophageal short-axis view and bicaval view 

• RV outflow 

° View in mid-esophageal 20-70° 

■ Cannula position before and after chest closure 

■ De-airing during the following phases of surgery: 

• From cannula placement until release of aortic cross-clamp 

• From release of aortic cross-clamp to the end of cardiopulmonary 
bypass 

• From the termination of cardiopulmonary bypass to the end of 
the operation 

Assessment while on VAD support 

■ Biventricular size and function and septal position 

■ Valvular abnormalities 

■ Cannula position and Doppler 

• Malposition or obstruction 

■ Pericardial effusion and hematoma 

• Chamber collapse (an important marker of tamponade) 

■ Intracardiac thrombus 

■ Ascending aorta dissection 

■ Assessment of RV function 


ASD, atrial septal defect; PFO, patent foramen ovale; VSD, ventricular septal 
defect. 

Source: Sachdeva et al. 2013 [104], Reproduced with permission of Elsevier. 


• TDI: TDI can be used to measure regional electromechanical 
delays, by measuring the time interval from QRS onset to the 
beginning, peak or end of the s'-wave in opposing basal and 
mid-LV segments [93,94,97]. Evaluating more segments will 
provide a better determination of LV dyssynchrony. However, 
TDI does not distinguish between active and passive myocar¬ 
dial motion; methods using strain-rate imaging (a measure of 
regional deformation) can be used to differentiate. Both strain 
and TDI methods require considerable post-processing time 
and are currently more suited to research trials than routine 
clinical practice. 
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(b) 

Figure 34.13 RV focused apical 4-chamber view; the endocardium is 
traced in diastole (a) and systole (b). The fractional area change (FAC) is 
4.79-3.68/4.79 = 23.2%. 

Atrioventricular dyssynchrony 

• Additional measures used to evaluate pacemaker therapy and 
CRT can include diastolic filling time [left ventricular filling 
time (LVFT)]. This is measured on the trans-mitral pulsed- 
wave Doppler from onset of mitral inflow (E-wave) to end of 
atrial contraction (A-wave) and is used as a measure of atri¬ 
oventricular synchrony. In adults, an LV filling time of <40% 
of the cardiac cycle (RR interval) is evidence of atrioventric¬ 
ular dyssynchrony [93,95], although no such parameters cur¬ 
rently exist for children. In the setting of pacemaker optimiza¬ 
tion, the most favorable setting is the atrioventricular delay 
that allows completion of the atrial contribution to diastolic 
filling [91]. 

Experience with CRT therapy in children with cardiomy¬ 
opathy and heart failure is more limited than in adults. 
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(b) (d) 

Figure 34.14 Ventricular geometry prior to and after left ventricular assist device (LVAD) placement; images taken within 36 h in the same patient. These 
images in the apical 4-chamber view demonstrate progressive decompression of the left ventricle (LV) with proper LVAD function, (a) Severe dilated 
cardiomyopathy (DCM) prior to LVAD placement; (b) just after LVAD placement without significant LV decompression; (c) some evidence of LV 
decompression; (d) significant decompression of the LV. 


Preliminary evidence indicates that CRT is beneficial in children 
who have heart failure due to congenital heart disease and car¬ 
diomyopathy. Most pediatric patients do not have left bundle- 
branch block and therefore do not meet standard adult criteria 
for CRT. Interventricular dyssynchrony is more common in chil¬ 
dren given the higher incidence of right ventricular surgery and 
less attention has been paid to the concept of diastolic dyssyn¬ 
chrony although it has been shown to be prevalent in pedi¬ 
atric DCM, and may be related to increased risk of death or 
transplant [98]. 

Echocardiography in cardiac mechanical support 

Mechanical support for patients with heart failure can be used 
both as a bridge to transplantation and a bridge to recovery for 
myocarditis or other forms of acute, fulminant heart failure. In 
adults, it is being used as a destination therapy. 

Echo cardiographic evaluation of extracorporeal membrane 
oxygenation (ECMO) 

ECMO has been used since the early 1970s to support neonates 
with cardiorespiratory derangements. Currently, its use is 


primarily as a bridge to recovery, in instances where mechan¬ 
ical support is expected to be necessary for no more than 14- 
21 days. It can provide pulmonary (through veno-venous can- 
nulation) and/or cardiopulmonary (through veno-arterial can- 
nulation) support, and can be rapidly deployed in children of 
almost any size. Typically, the venous cannula tip sits in the 
right atrium and the tip of the arterial cannula is in the aor¬ 
tic arch/innominate artery region. The primary modality of 
determining cannula position has been chest radiography, but 
in situations of abnormal cardiac anatomy or position (e.g., con¬ 
genital diaphragmatic hernia) cannula position is often best 
determined and in some cases guided by echocardiography 
Some take the position that echocardiography is superior in 
determining cannula position even in patients with normal 
anatomy and cardiac position [99]. 

Ongoing assessment for development of intracardiac throm¬ 
bus should be undertaken at each opportunity (Video 34.3). 
Assessment of ventricular function in these patients, particu¬ 
larly with regard to determining timing of weaning/separating 
from support, remains difficult in the setting of the 
abnormal loading conditions, and there are few objective 
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Figure 34.15 Transthoracic imaging of left 
ventricular assist device (LVAD) (a,b) and 
right ventricular assist device (RVAD) (c,d), 
with flow seen in the LV apical inlet cannula 
by color Doppler (in apical 4-chamber view) 
(a) and spectral Doppler (b). In (c) the inlet 
cannula of the RVAD is seen (in apical view 
with anterior angulation) with blood flowing 
out of the ventricle and into the inlet cannula 
toward the VAD chamber; (d) demonstrates 
the gradient by spectral Doppler. 


data to guide clinicians in these decisions. Currently, the most 
common parameters used are hemodynamic parameters and 
conventional echocardiographic measures (e.g., ejection frac¬ 
tion, aortic outflow velocity-time integrals) with perhaps some 
additional utility to be derived from tissue Doppler velocities 
and strain imaging [100]. 


Echocardiographic evaluation of ventricular assist devices 
(VADs) 

In the recent past, ECMO has been the primary means of sup¬ 
port for children with end-stage heart failure, chiefly because 
of the large size of VADs and the high incidence of throm¬ 
boembolic events in children. Advances in pediatric-sized VADs 





Chapter 34 Dilated Cardiomyopathy, Myocarditis, and Heart Transplantation 671 



Figure 34.15 ( Continued ) 



have led to increased utilization. The FDA recently approved the 
pulsatile-flow, pneumatic-driven device Berlin Heart EXCOR 
VAD (Berlin Heart AG, Berlin, Germany), following a trial 
performed with investigational device exemptions [101,102]. 
This review will focus on the imaging of extracorporeal pul¬ 
satile devices such as the EXCOR. Implantable, continuous-flow 
devices, such as the HeartWare HVAD, are being used with 
increasing frequency in children as small as 12 kg, but experi¬ 
ence is more limited. 

The use of biventricular systems is more common in pedi¬ 
atrics, particularly in patients with congenital heart disease 
[103]. For LVAD support, a cannula is typically placed through 
a hole made in the LV apex (inlet cannula), with unidirectional 
flow from the LV apical cannula into the devices blood chamber 


and then expulsion of blood into the ascending aorta through a 
long outlet cannula and graft (Figure 34.12a,b). RVAD cannula- 
tion occurs through the right atrium, with ejection of blood into 
the main pulmonary artery. 

An overview of the suggested echo car diographic evaluation of 
patients receiving VADs is provided in Table 34.4 [104]. Preop¬ 
erative or intraoperative echocardiography findings can greatly 
influence surgical and medical management in these patients. 
Such important findings may include the presence of a patent 
foramen ovale (PFO), aortic regurgitation, intracavitary throm¬ 
bus, and RV dysfunction [105]. As the LV and LA pressures 
fall with initiation of VAD flow, right-to-left shunting at the 
PFO can result in systemic arterial desaturation and increased 
risk of embolus [105,106]. The PFO is typically closed surgically 
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or with a device in this setting. Aortic regurgitation can become 
an important phenomenon; with normal VAD function, the 
ventricular pressure is low and the aortic valve may remain 
closed (Video 34.4). Regurgitation creates a circulatory loop 
with increased device preload, decreased effective forward out¬ 
put, and alteration in pump function. The practice in some adult 
centers is to repair, replace, or oversew the aortic valve in the 
presence of aortic regurgitation [105,107,108]; this has not been 
reported in children. Pre- and intraoperative evaluation should 
also include careful evaluation for intracardiac thrombus. The 
most common locations for thrombus are in the LA appendage, 
and also the LV apex (which is typically the site of the inlet can¬ 
nula placement). 

Right ventricular function is assessed pre- and intraopera- 
tively by both transthoracic and transesophageal echocardio¬ 
graphy (TEE). Evaluation of RV function is often qualitative, 
although RV fractional area of change (FAC) may be used to 
quantitate RV systolic function (Figure 34.13a,b; Video 34.5). 
Those with an RV FAC of less than 20% may develop progres¬ 
sive RV failure with initiation of LVAD therapy [105]. Dilation of 
the RV with progressive tricuspid regurgitation as seen on intra¬ 
operative TEE is an indication of RV failure. This may lead to 
a sequence of decreased pulmonary venous return, collapse of 
the LA and LV, potential obstruction of the inflow cannula, and 
air in the aorta associated with continued VAD pumping [105]. 
Evidence of RV failure can be an indication for the addition of 
further ionotropic or pulmonary vasodilator therapy or institu¬ 
tion of RV mechanical support. 

Intraoperative assessment during VAD placement also 
includes evaluation for air in the outflow cannula and assess¬ 
ment of inlet cannula position [105]. Significant angulation of 
the inlet cannula can create inflow obstruction. Inlet cannula 
obstruction can be evaluated by color and spectral Doppler, 
with flow being laminar and unidirectional in the setting of 
normal inlet cannula function (Videos 34.6 and 34.7). 

Postoperative evaluation of the patient with a VAD includes 
evaluation of LV decompression (Figure 34.14a-d). Addition¬ 
ally, images should include documentation of cannula posi¬ 
tion by 2D imaging, color flow, and spectral Doppler flow 
(Figure 34.15a-d; Video 34.6). Additional assessment includes 
RV function and evaluation for pericardial effusion/tamponade 
(Videos 34.8 and 34.9), in addition to assessment for aortic 
regurgitation. 

Conclusion 

Echocardiography remains the most commonly used modal¬ 
ity to evaluate ventricular size and function. Advances in tech¬ 
nology allow more information to be gained regarding car¬ 
diac performance in patients with DCM and myocarditis. Even 
with these advances in technology, it remains imperative to 
collect data on individual patients and the cardiomyopathy 
population as a whole in an organized, reproducible, and 


meticulous manner. Attention to detail in terms of technical 
considerations, image quality, measurements, and acquisition of 
quantitative data is critically important. Sonographers and car¬ 
diologists alike should strive to acquire information in a way 
that allows confidence in both clinical decision-making and 
research data analysis. Newer modalities that have a role in clin¬ 
ical research even now, and that may eventually become a larger 
part of clinical practice, include strain analysis by color Doppler 
and/or speckle-tracking and 3D imaging, as improvements in 
frame rate occur (especially important in pediatrics). 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 34.1 Two-dimensional and M-mode echocardiography in 
the parasternal short-axis view of a patient with dilated cardiomy¬ 
opathy. 

Video 34.2 Apical 4-chamber view of a patient with dilated car¬ 
diomyopathy. 

Video 34.3 Apical 4-chamber view of a large thrombus in the left 
ventricular cavity, possibly also involving the left atrium. Note the 
decompressing cannula across the atrial septum, terminating in the 
left atrium. 

Video 34.4 Imaging of the aortic valve in a patient with a left ven¬ 
tricular assist device. The aortic valve does not open and there is 
mild aortic regurgitation. 

Video 34.5 Right ventricle focused apical 4-chamber view demon¬ 
strating a dilated right atrium and ventricle, with decreased right 
ventricular function. 

Video 34.6 Imaging of the inlet cannula in the apex of the left ven¬ 
tricle in patient with a left ventricular assist device demonstrating 
color flow and Doppler evaluation of the inlet cannula. 

Video 34.7 Imaging of the inlet cannula in the apex of the left ven¬ 
tricle in patient with a left ventricular assist device demonstrating 
color flow and Doppler evaluation of the inlet cannula. 

Video 34.8 Imaging of a large pericardial thrombus in a patient 
with a left ventricular assist device: apical 4-chamber view. 

Video 34.9 Imaging of a large pericardial thrombus in a patient 
with a left ventricular assist device: parasternal short-axis view. 
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Introduction 

Hypertrophic cardiomyopathy (HCM) is defined as myocardial 
hypertrophy that occurs in the absence of other disease capable 
of producing the magnitude of wall thickening that is evident. 
HCM, generally a disease of the sarcomere, represents the sec¬ 
ond most common cardiomyopathy in children [1]. It is genetic 
in origin and occurs in either sporadic or familial forms [2,3]. 
It is the most common cause of cardiac death in children and 
young adults [4]. The hallmark histologic findings of HCM are 
myocyte disarray and fibrosis [5]. Since its initial description, 
there have been significant advances in the diagnosis of HCM, 
in our understanding of its complex pathophysiology, and in its 
outcome and management. Echocardiography has played a cru¬ 
cial role in these advances. HCM represents a challenging condi¬ 
tion given the marked genetic and phenotypic heterogeneity in 
clinical manifestations, disease course, age of onset, pattern and 
extent of left ventricular hypertrophy (LVH), degree of obstruc¬ 
tion, and risk for sudden cardiac death. 


HCM prevalence, etiology and genetics 

Primary hypertrophic cardiomyopathy 

The estimated prevalence of HCM among adults is reported 
to be 0.2% of the population [6]. Primary hypertrophic car¬ 
diomyopathy (also known as sarcomeric HCM) is an autoso¬ 
mal dominant condition characterized by LVH with occasional 
right ventricular involvement [1,7]. The first gene for famil¬ 
ial HCM was localized to chromosome 14qll.2-ql2 [8]. Over 
the past 20 years, more than 1000 distinct mutations have been 
identified in more than 20 genes [9-16]. Most mutations code 
for sarcomere proteins, including P-myosin heavy chain, cardiac 
myosin-binding protein C, myosin essential light chains, myosin 
regulatory light chain 2, cardiac troponin T, cardiac troponin 
I, oc-tropomyosin, z-disc components, telethonin, muscle LIM 
protein, and actin. Sarcomere mutations are found in 60-70% 


of adult and pediatric patients with a family history of HCM, 
and also 30-40% of sporadic cases [17]. The identification of 
a pathogenic sarcomere gene mutation establishes a definitive 
diagnosis of HCM and the exact genetic etiology of disease. This 
information provides insight into the patients prognosis and 
guidance in the management of their family. However, because 
of the genetic and clinical heterogeneity seen in HCM, robust 
prediction of outcome based on the genotype has proven elu¬ 
sive. Nonetheless, adverse outcomes appear more prominent in 
HCM patients with sarcomere mutations than in patients with¬ 
out an identifiable mutation [17,18]. 

Secondary hypertrophic cardiomyopathy 

Specific metabolic, mitochondrial, and syndromic diseases (e.g., 
Noonan and Leopard syndromes) may manifest a “secondary 
HCM” [19]. In spite of the phenotypic similarities, secondary 
HCMs are very different from primary HCM. Secondary HCMs 
usually present in infancy (up to 15% of infants with HCM) 
and have a poor outcome. Typically, patients with secondary 
HCM develop concentric HCM, often accompanied by marked 
involvement of the right ventricle [20,21]. Metabolic screening 
and, in certain cases, muscle biopsy may help delineate the etiol¬ 
ogy. Metabolic diseases associated with secondary HCM include 
Labry (glucocerebrosidase deficiency) disease, Danon disease, 
and Pompe (acid-maltase deficiency) disease [22-25]. 

Labry disease is an X-linked recessive disorder that accounts 
for 4% of cases of unexplained LVH in young men [22]. Symp¬ 
toms usually start in the first decade of life, with acroparesthe- 
siae, heat intolerance, and development of cutaneous angiok¬ 
eratomas. Lrom the second decade onwards, patients develop 
proteinuria and neurologic manifestations, including vestibular 
and hearing disturbances and autonomic dysfunction. Cardiac 
involvement is present early in life but is usually not detected 
clinically until the third or fourth decade [23]. Early cardiomy¬ 
opathy is characterized by concentric remodeling, progress¬ 
ing later to concentric biventricular hypertrophy, which causes 
diastolic dysfunction. The mitral and aortic valves are often 
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thickened and distorted, resulting in regurgitation. Elevated 
serum levels of the enzyme a-galactosidase A confirm the diag¬ 
nosis. This is of particular relevance because two recombinant 
enzyme preparations are approved for the treatment of Fabry 
disease. 

Danon disease is an X-linked deficiency of lysosome- 
associated membrane protein type 2. It can present at variable 
ages as multisystemic disease with skeletal myopathy, mental 
retardation, and cardiomyopathy. Cardiac involvement is char¬ 
acterized by massive hypertrophy, ventricular pre-excitation, 
and heart failure. Disease clinically confined to the heart is 
described in some cases with later onset [24]. 

Pompe disease (acid-maltase deficiency) is an autosomal 
recessive disorder that may also result in HCM in infancy [25]. It 
is associated with severe skeletal muscle hypotonia, progressive 
weakness, hepatomegaly, and macroglossia. The electrocardio¬ 
gram (ECG) typically shows broad, high-voltage QRS complexes 
and the concentric LVH is typically severe. 

Mitochondrial diseases may also result in HCM [26]. Friedre¬ 
ich’s ataxia is a progressive form of spinocerebellar degenera¬ 
tion that results from deficiency of the mitochondrial protein 
frataxin. Friedreich’s ataxia typically gives rise to HCM, hence all 
young adults with this condition should undergo routine screen¬ 
ing. The FVH seen is typically concentric [27,28]. FV cavity 
dilation and systolic dysfunction occur in the third and fourth 
decades, often leading to clinical deterioration [29]. 

Anatomy 

There is marked heterogeneity in the pattern and extent of FVH 
in HCM. LVH involves the basal and mid-interventricular sep¬ 
tum and is asymmetric with a ratio of septal to infero-lateral wall 
thickness of >1.3 in 60% of children and adolescents with pri¬ 
mary HCM [2,3,30]. Up to 50% of infants with HCM demon¬ 
strate concentric LVH [20,21]. However, recently spiral forms 
of HCM with variable extension of hypertrophy have been 
described [31]. Less common forms of HCM are limited to the 
mid or apical segments. In HCM, the LV cavity is typically small. 
Hypertrophy can develop early in life or in childhood or ado¬ 
lescence depending on the etiology. The mitral valve may also 
be variably involved. The development of septal hypertrophy 
and anterior displacement of the mitral apparatus frequently 
leads to narrowing of the subaortic region and creation of a 
dynamic pressure gradient across the left ventricular outflow 
tract (LVOT) [33,34]. 

Pathophysiology 

There continues to be considerable controversy about the cause 
and significance of the LVOT gradient in HCM. Whether there 
is true obstruction to LV ejection or whether the gradient is 
simply the consequence of vigorous LV emptying remains a 


matter of debate. Most now favor the view that a true mechanical 
impediment to LV ejection occurs when an outflow tract gradi¬ 
ent is present, and that the pressure gradient results from ante¬ 
rior and apical displacement of the mitral valve apparatus con¬ 
tacting the interventricular septum in mid-systole [34,35]. 

One of the most important features of HCM is diastolic dys¬ 
function. Abnormalities of diastolic filling are largely indepen¬ 
dent of the extent and distribution of myocardial hypertro¬ 
phy. Even patients with mild localized hypertrophy may show 
marked diastolic dysfunction, suggesting that the myopathic 
process may occur in ventricular regions that are not visibly 
hypertrophied. Diastolic dysfunction occurs despite a normal 
or small LV cavity and appears to be related to abnormali¬ 
ties of LV relaxation and distensibility [36]. Abnormal early 
diastolic filling is thought to be related to a number of fac¬ 
tors, including abnormal calcium transport, subendocardial 
ischemia, non-uniformity of load, and LVOT obstruction [37]. 
Late diastolic filling is altered when LV distensibility is impaired; 
as a consequence, ventricular filling pressures rise. Abnormal 
distensibility may result from myocardial fibrosis or cellular 
disarray [38]. 

Myocardial ischemia may also occur in patients with HCM. 
Proposed causes include impaired vasodilator reserve (perhaps 
related to the thickened and narrowed intramural coronary 
arteries), increased oxygen demand, and elevated LV diastolic 
pressures with resultant subendocardial ischemia [39]. In chil¬ 
dren in particular, compression of intramyocardial segments of 
the left anterior descending coronary artery (so-called myocar¬ 
dial bridging) may predispose to myocardial ischemia and sud¬ 
den death [40]. 


Diagnosis 

Clinical manifestations 

Most patients with HCM are asymptomatic or only mildly symp¬ 
tomatic. Diagnosis is frequently made when a relative of an 
affected patient is screened or when a routine electrocardiogram 
is abnormal. Unfortunately, the first clinical manifestation in 
some individuals may be sudden cardiac death [3]. For this rea¬ 
son, it is crucial to identify the disease in childhood at the earli¬ 
est possible time because the mortality rate is higher in younger 
individuals (1-2% per year). Syncope and sudden death are asso¬ 
ciated with recreational and competitive sports in patients with 
HCM, hence diagnosis typically results in exclusion from these 
activities. 

The most common symptom in patients with HCM is dys¬ 
pnea, which is secondary to elevated LV end-diastolic pres¬ 
sure. Syncope may be a precursor of sudden cardiac death. In 
infants with HCM, congestive heart failure and failure to thrive 
are frequently the first clinical manifestations [21]. Angina pec¬ 
toris with exercise is present in 50% of symptomatic adult 
patients. 
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Differential diagnosis 

A fundamental step in the evaluation of a child with sus¬ 
pected HCM is to rule out underlying conditions that may 
masquerade as HCM. LVOT obstruction secondary to subaortic, 
valvar or supravalvar aortic stenosis, or coarctation of the aorta 
must always be excluded. Differentiation between HCM and 
a fixed subaortic stenosis can be particularly challenging. The 
absence of a muscular (tunnel-like) or membranous subaortic 
narrowing adjacent to the aortic valve should be sought in mul¬ 
tiple views [34,41]. In patients with fixed subaortic obstruction, 
Doppler echocardiography shows an early peak gradient gener¬ 
ally associated with some degree of aortic regurgitation. Occa¬ 
sionally transesophegeal echocardiography (TEE) is needed to 
delineate the LVOT anatomy adequately. 

Systemic hypertension may cause concentric LV hypertrophy 
and should be differentiated from HCM. Other conditions may 
mimic asymmetric septal HCM in children, including LV false 
tendons. Prominent false tendons may lead to overestimation 
of septal wall thickness, especially when performing measure¬ 
ments with M-mode echocardiography. Disproportionate asym¬ 
metric septal hypertrophy maybe present in 10-15% of children 
with pulmonary hypertension secondary to congenital heart 
disease [42]. 

Athlete's heart 

Diagnosis of HCM in athletes is particularly important given 
the high risk of sudden death in affected individuals engaging 
in competitive sports. The distinction between HCM and “ath¬ 
letes heart” is often difficult. Table 35.1 outlines some of the 
distinguishing features of athletes heart. The athletes heart is 
characterized by LV hypertrophy, which may be difficult to dif¬ 
ferentiate from HCM [43,44]. However, athletes typically have 
a dilated LV with eccentric hypertrophy (Video 35.1). Impor¬ 
tantly, reduced systolic and early diastolic myocardial veloci¬ 
ties (<9 cm/s) are seen in patients with HCM but are nor¬ 
mal or supranormal in athletes [45]. Exercise stress testing 
may help differentiate HCM from cardiovascular adaptation to 
training. Athletes frequently have a peak oxygen consumption 
>120% of predicted whereas the majority of patients with HCM 
have abnormally low indices. Linally, periods of deconditioning 
(3-6 months) will result in regression of LVH in athletes but not 
patients with HCM. 


Table 35.1 Echocardiographic features of athlete's heart 


End-diastolic septal thickness 
Adolescents 

<12 mm (males) 

Adults 

<11 mm (females) 

<16 mm 

Left ventricular cavity 

>55 mm 

Tissue Doppler velocities 

Normal 

Exercise testing MV02 

>120% normal 

Deconditioning 

Normalization of LV dimensions 


Family screening and preclinical diagnosis 

All first-degree relatives of patients with HCM should be 
screened for this condition, with detailed family history, 12-lead 
electrocardiogram, and an echocardiogram. Hypertrophy typi¬ 
cally develops during puberty, so repeat imaging at yearly inter¬ 
vals during childhood and adolescence is recommended in rel¬ 
atives of affected individuals. In adults, repeat imaging can be 
performed at longer time intervals of 3-5 years because of the 
possibility of later development of hypertrophy [46]. Patients 
with HCM secondary to mutations in myosin-binding protein 
C generally develop hypertrophy in their fourth or fifth decade 
of life. 

Performance of genetic testing in all those at risk remains con¬ 
troversial given the suboptimal diagnostic yield and only mod¬ 
est association between genotype and outcome. Genetic testing 
is very useful in relatives of those affected individuals in whom 
a mutation has been found because detection of the same muta¬ 
tion automatically leads to the diagnosis of HCM. Conversely, 
absence of the mutation excludes the disease and obviates the 
need for long-term surveillance. 

The diagnosis of familial HCM in the absence of genetic muta¬ 
tion can be made when: 

1 Maximal wall thickness is two standard deviations above the 
mean for age and body surface area. 

2 Septal thickness is >15 mm or posterior wall thickness is 
>13 mm (in adults). 

3 Electrocardiographic abnormalities and septal thickness 
>14 mm or posterior thickness >12 mm are present (in 
adults) [47]. 

Patients with HCM resulting from mutations in troponin T 
often manifest with only mild LVH but are at high risk of sud¬ 
den death. Strict adherence to previous criteria would not per¬ 
mit the diagnosis of HCM in these individuals. Thus, care should 
be taken to assess the morphologic findings in the context of the 
family history. The electrocardiogram is usually abnormal in this 
setting [47]. Studies with cardiac magnetic resonance (CMR) 
have shown increased sensitivity over echocardiography for the 
preclinical diagnosis of HCM, especially when there is localized 
rather than diffuse hypertrophy [48]. 

Echocardiographic evaluation of HCM 
Key elements 

The goals of the echocardiographic examination in HCM are as 
follows: 

• Assessment for structural cardiovascular disease that may 
cause ventricular hypertrophy. 

• Accurate measurements of ventricular septal and free wall 
thickness. 

• Assessment of LV global and regional systolic performance. 

• Assessment of diastolic function. 

• Assessment of presence and severity and mechanism of mitral 
regurgitation. 
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(a) (b) (c) 


Figure 35.1 Series of parasternal short-axis views in three patients with different forms of hypertrophic cardiomyopathy (in each case, white arrows show 
the wall diameters), (a) Asymmetric septal hypertrophy with hypertrophy limited to the interventricular septum; the posterior wall is of normal thickness, 
(b) Diffuse concentric hypertrophy, (c) Hypertrophy is confined to the posterior wall. IVS, interventricular septum; LV left ventricle; PW posterior wall. 


• Determination of etiology and severity of LVOT obstruction, 
if present. 

• Doppler interrogation of the entire LVOT from apex to the 
aortic valve. 

• Assessment for RV hypertrophy and RV function. 

• Assessment for elevation of RV pressure. 

• Detection of associated abnormalities. 

Complete evaluation of the child with HCM includes 
M-mode, 2D imaging, Doppler evaluation of the mitral inflow 
and LVOT, tissue Doppler imaging (TDI), and strain rate imag¬ 
ing. Magnetic resonance imaging and cardiac catheterization 
may contribute additional information but will not be described 
in this chapter [49,50]. 

M-mode and 2D echocardiography 

HCM may manifest as hypertrophy in various locations, includ¬ 
ing asymmetric septal, concentric, posterior LV (1-2%), mid- 
ventricular (5%), or apical (2-3%) [30]. Many of these forms of 
LVH may be associated with obstruction to flow within the LV 
cavity and development of a gradient (Figures 35.1 and 35.2). 
Obstructive HCM occurs in only 30% of patients at rest [51]. 
The presence, magnitude, and distribution of LVH should be 


determined in the parasternal long-axis, short-axis, apical 4- and 
apical 2-chamber views in addition to subxiphoid views (Fig¬ 
ures 35.3 and 35.4; Videos 35.2, 35.3, and 35.4). Measurements 
of wall thickness should be taken at end-diastole, indexed to 
body surface area with z-score measurements obtained [52]. A 
score system has been developed to quantify the extent of LVH 
(Table 35.2). This often provides additional crucial data where 
there is an uneven distribution of septal hypertrophy [2]. 

M-mode can be used to detect systolic anterior motion of the 
mitral leaflets and mid-systolic closure of the aortic valve (Fig¬ 
ures 35.5 and 35.6). Although common, neither of these find¬ 
ings are pathognomonic of HCM as they have been described in 
other conditions (Table 35.3). 


Assessment of diastolic function 

Diastolic filling is impaired in HCM; this may result in breath¬ 
lessness on exertion, elevated filling pressures, and left atrial 
enlargement [36,37]. Left atrial dilation as measured by left 
atrial volume reflects chronic left atrial hemodynamic burden 
from LV diastolic dysfunction and mitral regurgitation and cor¬ 
relates well with degree of myocardial fibrosis and degree of 



(a) 



Figure 35.2 (a) Parasternal long-axis view at 
end-diastole in a patient with asymmetric septal 
hypertrophy. The interventricular septum is 
thickened and has increased reflectivity. 

(b) Parasternal short-axis view in the same 
patient shows similar findings. IVS, 
interventricular septum; LV left ventricle; LA, 
left atrium; PW, posterior wall. 
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(a) (b) (c) 

Figure 35.3 Apical 4-chamber (a), 2-chamber (b), and long-axis (c) views demonstrate the degree, extent, and distribution of hypertrophy. Considerable 
(25 mm) hypertrophy of the entire interventricular septum with extension onto the inferior wall is noted. In the 4-chamber view a dilated left atrium can 
be seen. The hypertrophied myocardium has increased reflectivity. LV left ventricle; LA, left atrium; RV, right ventricle; RA, right atrium. 


Table 35.2 Extent of left ventricular hypertrophy (LVH) according to 
echocardiographic point score 


Extent of hypertrophy 

Points 

Basal septal thickness 


15-19 mm 

1 

20-24 mm 

2 

25-29 mm 

3 

>30 mm 

4 

Extension to papillary muscles (basal 2/3 septum) 

2 

Extension to apex (all septum involved) 

2 

Anterolateral wall involvement 

2 

Total 

10 

Source: Wigle et al. 1985 [2]. Reproduced with permission of Elsevier. 


exercise intolerance in children with HCM [53]. The trans- 
mitral inflow pattern should be carefully assessed with spec¬ 
tral Doppler in the apical 4-chamber view. The mitral E and 
A wave patterns typically show marked perturbations in dias¬ 
tolic relaxation with: reduced E wave velocity, increased A 
wave velocity [decreased E/A wave ratio (Figure 35.7)], pro¬ 
longed E wave deceleration time, and prolonged isovolumet- 
ric relaxation time [49]. These findings suggest increased left 


atrial pressure. Pseudonormalization may occur with interme¬ 
diate degrees of diastolic dysfunction when the mitral E/A 
wave ratio appears normal; A wave reversal and decreased lat¬ 
eral mitral TDI velocities will distinguish this from normal. 
During the Valsalva maneuver, there is typically a reduction 
of flow into the left heart; as a result, left atrial and dias¬ 
tolic ventricular pressures decrease along with E wave velocity 
reduction and reversal of pseudonormal E/A wave pattern [54]. 
Pulmonary vein Doppler recordings demonstrate a progres¬ 
sive decrease in systolic flow and an increase in A-wave rever¬ 
sal velocity and duration with increasing degrees of diastolic 
dysfunction (Figure 35.8). When left heart filling pressures are 
elevated, the pulmonary venous A wave duration may exceed 
the mitral A wave duration [55]. However, this may be difficult 
to measure in children because of increased heart rates and the 
small differences which may exist between these two measure¬ 
ments. 

Mitral valve function 

In the presence of significant LVOT obstruction, eddy cur¬ 
rents are generated in the subaortic region. This hemodynamic 
abnormality results in displacement of the mitral valve leaflets 
or chords into the LVOT, known as “systolic anterior motion” 


Figure 35.4 (a) Parasternal short-axis view in an 
infant with hypertrophic cardiomyopathy 
secondary to metabolic disease. Note the diffuse 
concentric biventricular hypertrophy. 

(b) Parasternal long-axis view shows similar 
findings. Note the involvement of the papillary 
muscles. 
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Figure 35.5 M-mode echocardiogram from 
parasternal long-axis view showing systolic anterior 
motion of the anterior mitral leaflet and septal 
contact (white arrows) during mid and late systole 
contributing to left ventricular outflow obstruction. 


(SAM) of the mitral valve [56]. When present, the paraster¬ 
nal long-axis view demonstrates SAM very well (Figure 35.9). 
SAM often results in noncoaptation of the mitral valve leaflets 
with a jet of mitral regurgitation directed posteriorly along the 
left atrial wall (Figures 35.10 and 35.11). Similarly to the tim¬ 
ing of LVOT obstruction, the mitral regurgitation that results 
from SAM is typically late in systole and may range from mild to 
severe (Videos 35.5, 35.6, and 35.7) [57]. Given the high LV sys¬ 
tolic pressures, the mitral regurgitant jet velocity may be in sup- 
raphysiologic ranges [33]. When a direct measure of the LVOT 
gradient is difficult because of the angle of interrogation, the 
modified Bernoulli equation can be applied to the mitral regur¬ 
gitation jet velocity to give an estimate of LV systolic pressure. 
Severe mitral regurgitation may result in retrograde flow into the 
pulmonary veins, contributing to pulmonary venous and arterial 
hypertension. 



Figure 35.6 M-mode echocardiogram from parasternal long-axis view 
showing premature closure of the aortic valve (solid white arrow) 
secondary to systolic anterior motion and left ventricular outflow tract 
obstruction occurring in mid systole. Reopening of the aortic valve (dashed 
white arrow) occurs in late systole when systolic anterior motion ceases. 


Table 35.3 Causes of systolic anterior motion (SAM) and dynamic left 
ventricular outflow tract (LVOT) obstruction 

Hypertrophic cardiomyopathy with basal septal hypertrophy 
Sigmoid basal septal hypertrophy of the elderly 
Anomalous papillary muscle 

After aortic valve replacement with hyperdynamic LV systolic function 
After mitral valve repair 
Apical ballooning 

Apical myocardial infarction with hyperdynamic function of basal 
myocardial segments 

Massive mitral annular calcification 
Hypovolemia in patients with small LV cavity 

Subpulmonic LV (after atrial switch operation, double discordance) with 
severe subaortic right ventricular dilatation causing septal shift to the LV 

EF, ejection fraction; LVH, left ventricular hypertrophy. 



Figure 35.7 Mitral inflow pulsed-wave Doppler recording of a patient with 
HCM. The Doppler pattern shows abnormal relaxation. The early rapid 
filling velocity (E) is decreased (60 cm/s) and there is a prolonged 
deceleration time of the E wave (230 ms) and prominent atrial filling (A) 
velocity (94 cm/s). 








Chapter 35 Hypertrophic Cardiomyopathy 683 



Figure 35.8 Pulmonary venous pulsed-wave Doppler recording from the 
same patient as in Figure 35.7. There is a blunted systolic component (S) 
and prominent and prolonged atrial flow reversal component (A). This is 
suggestive of increased left ventricular end-diastolic pressure. 

In approximately 40% of patients with HCM, mitral regurgi¬ 
tation may be secondary to intrinsic mitral valve disease. The 
anterior leaflet may be elongated and redundant. The presence 
of a nonposteriorly directed jet in apical or parasternal long-axis 
view suggests primary leaflet pathology independent of SAM 
[58]. Detection of intrinsic valve disease is particularly relevant 
in patients who are to candidates for surgical myomectomy as 
the presence of intrinsic mitral valve disease is associated with 
persistence of mitral regurgitation after surgery. 



Figure 35.10 Apical 3-chamber view showing systolic anterior motion 
(SAM) of the anterior and posterior mitral leaflets producing septal 
contact. This contributes to left ventricular outflow tract obstruction. LA, 
left atrium; LV, left ventricle. 


Left ventricular outflow tract (LVOT) assessment 

The degree of LVOT obstruction is often multifactorial and 
dynamic. LVOT obstruction in HCM typically occurs in mid 
to late systole with no significant obstruction in early systole 
[34]. LV ejection typically diminishes during mid to late sys¬ 
tole, resulting in partial closure of the aortic valve, with reopen¬ 
ing with final ejection (Figure 35.6). The presence of SAM usu¬ 
ally indicates some form of LVOT obstruction, particularly when 
SAM persists for >40% of systole [34,51]. 

The degree and location of LVOT obstruction is measured 
using color, pulsed-wave, and continuous Doppler, typically 
from the apical 5-chamber view. Color flow mapping often 
demonstrates aliasing due to outflow tract gradients exceeding 
the Nyquist limit and provides a visual impression on where 
flow acceleration occurs (Figure 35.11). Pulsed-wave Doppler 
traces are obtained sequentially at the LV apex, mid LV cavity, 


and proximal and distal LVOT (Figure 35.12). The peak velocity 
increases as the sample volume approaches the site of obstruc¬ 
tion. Continuous-wave Doppler is then used to measure the peak 
gradient (Figure 35.13)[33].In patients with a noncompliant left 
ventricle there maybe evidence of presystolic forward flow in the 
LVOT obstruction secondary to atrial contraction as the A wave 
transmits to the LVOT. This is akin to the appearance of ante¬ 
grade diastolic flow in the pulmonary arteries in patients with 
restrictive RV physiology. A dagger shape of the spectral wave 
pattern in the LVOT indicates a dynamic form of obstruction 
[59]. 

SAM and LVOT obstruction are dynamic phenomena. There¬ 
fore, a patient may have a pronounced gradient on one echocar¬ 
diogram and essentially no gradient measured in the next study. 
Several physiologic manipulations may provoke or unmask a 


Figure 35.9 Parasternal long-axis view with 
color flow mapping showing the temporal 
relationship between left ventricular outflow 
tract obstruction and occurrence of mitral 
regurgitation. First obstruction to flow occurs; 
subsequently mitral regurgitation ensues. LA, 
left atrium; LV, left ventricle, MR, mitral 
regurgitation; LVOT, left ventricular outflow 
tract. 
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Figure 35.11 Apical long-axis view with color flow mapping demonstrates 
left ventricular outflow tract obstruction and eccentric, posteriorly directed 
mitral regurgitation occurring at mid systole. LA, left atrium; LV, left 
ventricle. 

latent LVOT gradient, including squatting to standing or admin¬ 
istering amyl nitrate. Stress echocardiography or dobutamine 
administration will increase contractility and may also unmask 
an LVOT gradient [60,61]. Significant (>50 mmHg) LVOT 
obstruction is present in only 25-30% of HCM patients under 
resting conditions but in up to 70% of HCM patients when they 
undergo exercise echocardiography. These high gradients may 
be associated with heart failure symptoms [51]. 

When assessing the LVOT, it is important to distinguish the 
high-velocity signal coming from the LVOT from the signal of 
the mitral regurgitation jet. The spectral signal of mitral regur¬ 
gitation is characterized by an earlier onset, higher velocity 
(>6 m/s), and a more abrupt initial increase in velocity. Differ¬ 
entiation can also be accomplished by orienting the transducer 
more medially and anteriorly away from the mitral jet [34,62]. 

In some patients, the primary location of septal hypertrophy 
is mid-septal (Figure 35.14; Video 35.8). Consequently during 
mid to late systole there may be mid-cavitary obstruction with a 
marked decrease in stroke volume leading to syncope and sud¬ 
den death [63]. Mid-cavitary obstruction is also associated with 
apical aneurysm formation possibly secondary to myocardial 
ischemia [64,65]. 

An apical form of HCM is unusual and is characterized by 
electrocardiograms with giant negative T waves in the precordial 
leads. It is associated with a good prognosis. Echocardiography 
in the apical and parasternal views shows increased wall thick¬ 
ness of one or more apical segments (Figure 35.15; Videos 35.9 
and 35.10). The diagnosis may be missed if the true LV apex is 


not visualized (because of foreshortening) or if endocardial def¬ 
inition is limited due to poor acoustic windows [66]. Contrast 
echocardiography may be useful in enhancing endocardial def¬ 
inition for identification of apical HCM [67]. Long-term com¬ 
plications of apical HCM include the development of diastolic 
dysfunction, apical aneurysms, and/or mid-cavitary obstruction 
[68]. CMR imaging has better resolution than echocardiogra¬ 
phy to visualize the endocardial borders at the LV apex and has 
been shown to have higher sensitivity for the diagnosis of apical 
HCM [69]. 

Tissue Doppler imaging (TDI) 

TDI employs spectral Doppler analysis to measure the veloc¬ 
ity of myocardial contraction or relaxation, specifically early 
systolic (s'), early diastolic (e') and late diastolic velocities (a') 
[70]. Annular TDI velocities can be measured from the apical 4- 
chamber view. With increasing LV filling pressures, the transmi- 
tral e velocity increases and the early diastolic relaxation veloc¬ 
ity (e') reduces [71]. The relationship between the transmitral e 
velocity and e' velocity (e/e' ratio) allows an estimation of the LV 
filling pressure (atrial pressure). In adults, the normal e/e' ratio 
is <10; e/e' >15 has been reported to predict a filling pressure 
exceeding 15 mmHg (Figure 35.16) [72,73]. In a study of 80 con¬ 
secutive children and adolescents with hypertrophic cardiomy¬ 
opathy, the transmitral e/e' ratio was most sensitive and specific 
in predicting children at risk for sudden cardiac death, arrhyth¬ 
mia, or need for transplantation [74]. Other studies have corrob¬ 
orated reduced tissue velocities in children with HCM [75,76]. 
For example, systolic myocardial velocity (s'), a measure of lon¬ 
gitudinal systolic function, has been shown to be attenuated in 
HCM, even in nonhypertrophied ventricular segments. 

Experimental data suggest that myocardial dysfunction likely 
occurs before the development of visible LVH in HCM. Myocar¬ 
dial velocities have been shown to be diminished in genotype¬ 
positive individuals with HCM in the absence of LVH [45,77]. 
Importantly, mutation-positive adults without evidence of LVH 
can be accurately identified by an s' TDI velocity of < 13 cm/s in 
the lateral mitral annulus with a sensitivity of 100% and a speci¬ 
ficity of 93%. An additional study has shown that LVH even¬ 
tually develops in those genotype-positive subjects with dimin¬ 
ished myocardial velocities [78]. 

Assessment of systolic performance 

Assessment of systolic function is routinely performed by mea¬ 
suring LV dimensions, shortening fraction (SF) and ejection 
fraction (EF). Most patients with HCM have small LV cavity 
dimensions and supranormal EF or SF [52]. In fact, the devel¬ 
opment of LV dilation and/or depressed systolic shortening are 
signs of poor prognosis that require institution of heart failure 
treatment. It is important to note that in HCM a normal EF or SF 
does not exclude myocardial dysfunction, which can be detected 
with more sensitive techniques such as myocardial velocities or 
strain rate imaging [79,80]. 
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Figure 35.12 Pulsed-wave Doppler spectral tracing across the left ventricle to determine the site of obstruction to flow. Sampling at the left ventricular 
apex (a), and at the mid-ventricular level (b), show no flow acceleration. At the proximal left ventricular outflow tract (c), there is mild flow acceleration, 
which becomes more pronounced with aliasing at the more distal left ventricular outflow (d). 



Figure 35.13 Continuous-wave Doppler spectral tracing from the apex in a 
patient with HCM demonstrates dynamic left ventricular outflow tract 
obstruction. Note the typical start after the QRS complex, which is 
preceded by a low-velocity presystolic signal and the late-peak 
configuration similar to a dagger. Peak velocity is 3.3 m/s, corresponding to 
a peak gradient of 44 mmHg. 


Myocardial deformation imaging 

Newer, more sensitive techniques might improve the diagnostic 
accuracy of HCM. HCM is a disease with marked nonuniformity 
in myocardial thickness and function. Myocardial deformation 
is closely related to myocardial contractility and can be mea¬ 
sured regionally in different areas of the myocardium. Studies 
have shown that there is regional myocardial dysfunction with 
paradoxical systolic lengthening instead of shortening in up to 
50% of basal and mid-septal myocardial segments of patients 
with asymmetric septal HCM (Figure 35.17) [81]. Also, severely 
reduced systolic deformation together with a septal to inferolat- 
eral wall thickness >1.4 can help distinguish patients with HCM 
from those with hypertension and LV hypertrophy [80]. 

The noninvasive study of radial, longitudinal, and circum¬ 
ferential myocardial deformation detects early abnormalities 
in myocardial function in patients with preserved global ven¬ 
tricular function [82]. Studies have shown myocardial defor¬ 
mation is more severely reduced in the more hypertrophied 
myocardial segments with values in those segments generally 
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Figure 35.14 Apical 4-chamber view demonstrates mid-cavitary 
obstruction, characterized by prominent mid-septal hypertrophy, 
formation of a distinct apical chamber during systole, and appearance of a 
mosaic color jet at the mid-ventricular level in mid-systole. 

below —10%. Interestingly, circumferential myocardial deforma¬ 
tion is increased in HCM but rotation deformation is abnormal 
at the mid-ventricular level [83]. This may explain the normal 
or supranormal ejection fraction that is often observed. 

Myocardial deformation imaging can also help characterize 
the pattern of LV hypertrophy [84]. Myocardial deformation is 
more reduced and is associated with post-systolic shortening in 
the more hypertrophied basal septum in patients with asymmet¬ 
ric septal HCM. This reduction is more uniformly distributed 
in patients with concentric HCM irrespective of whether HCM 
results from isolated or secondary HCM. Finally reduced lon¬ 
gitudinal myocardial deformation has been associated with 
nonsustained ventricular tachycardia and decreased exercise 
tolerance in HCM [85]. 


Three-dimensional (3D) echocardiography 

With 3D echocardiography biventricular dimensions, wall 
thickness in all myocardial segments, and EF can be calculated 
without relying on geometric assumptions of uniform chamber 
size and shape [86]. This leads to higher accuracy in the mea¬ 
surements. Additionally the heart can be visualized from any 
point of view. In HCM, this is particularly helpful in defining 
mitral valve anatomy and function in addition to LVOT anatomy 
before surgical or catheter-directed interventions [87]. However, 
this modality continues to be limited by spatial and temporal res¬ 
olution [88]. 

Prognostic factors in children with HCM 

The greatest challenge in the management of HCM is the iden¬ 
tification of those patients at increased risk for sudden death. 
Reported risk factors include younger age at presentation, pre¬ 
viously aborted sudden cardiac death, malignant family his¬ 
tory history of syncope, ventricular tachycardia on ambulatory 
monitoring, myocardial bridging, abnormal decrease in blood 
pressure with exercise, and presence of troponin T mutations 
[20,21,89-93]. Echo car diographic risk factors include marked 
and diffuse LVH defined as maximal end-diastolic wall thick¬ 
ness >30 mm [94,95]. An elevated e/e' ratio was found to cor¬ 
relate with ventricular tachycardia, cardiac arrest, or death in a 
study of 80 consecutive children with HCM [73]. Left ventric¬ 
ular dilation and decreased ejection fraction are also associated 
with both symptoms of heart failure and reduced survival [96]. 

Stress echocardiography in HCM 

Stress echocardiography can be performed using a cycle ergome- 
ter or treadmill or with dobutamine administration. Regional 
wall motion abnormalities may be revealed with increasing 
doses of dobutamine which are not apparent at rest. Although 
there are reports of stress echocardiography in children fol¬ 
lowing cardiac surgical procedures and cardiac transplantation, 
there are limited data on stress echocardiography in children 
with HCM, likely because of the potential risk of an untoward 
event during the test. In some cases, stress echocardiography is 



Figure 35.15 (a) Apical 4-chamber view in a 
patient with apical hypertrophic 
cardiomyopathy showing increased thickness of 
all apical myocardial segments, (b) The same 
view in systole demonstrates the obliteration of 
the apical cavity at end-systole. 
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Figure 35.16 Tissue Doppler recording of the septal mitral annulus and pulsed-wave Doppler recording of the mitral inflow of a 12-year-old child with 
hypertrophic cardiomyopathy Peak systolic (s) and early diastolic (e r ) myocardial velocities are reduced. The mitral e/e' = 20. This suggests elevated left 
atrial pressure. 


used to unmask potential HCM although high LVOT gradients 
have been reported in the healthy pediatric population [97]. 

Echocardiography in the management of HCM 

Management of HCM may be optimized by monitoring changes 
and the response to therapy with serial echocardiographic stud¬ 
ies. Symptomatic patients are treated with three classes of phar¬ 
macologic agents: beta-blockers, disopyramide, and calcium 
channel blockers [1,62,95]. These agents potentially produce 
a decrease in contractility that results in decreased ejection 
velocity, delayed onset of SAM, and consequently decreased 
LVOT obstruction and mitral regurgitation. This may indirectly 
improve LV diastolic filling and improve symptoms. 


Surgical myomectomy and septal catheter 
ablation 

Septal reduction therapy is feasible with surgical myomectomy 
or intracoronary alcohol ablation. Patients with a dynamic gradi¬ 
ent exceeding 30-50 mmHg at rest or exceeding 60 mmHg with 
exercise and a septal thickness greater than 15 mm may benefit 
from either procedure. It is important to determine the exact site 
of obstruction as patients with mid or distal ventricular obstruc¬ 
tion generally do not benefit from basal septal reduction [98]. 

Septal myomectomy has been performed for more than four 
decades in patients who have significant LVOT obstruction 
and are symptomatic despite maximal medical therapy. This 
procedure consists of direct excision of the hypertrophied 
basal septum, which ideally results in widening of the LVOT, 


Figure 35.17 Myocardial deformation (strain) 
in a patient with asymmetric septal hypertrophic 
cardiomyopathy. The hypertrophied mid septum 
(yellow line) shows reduced and delayed 
deformation persisting after aortic valve closure 
(AVC, white line). The other septal myocardial 
segments (green and red lines) do not exhibit 
significant degree of hypertrophy and have 
preserved myocardial deformation. 
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Figure 35.18 This intraoperative 
transesophageal echocardiogram in the 
4-chamber view performed to assess success of 
mitral repair shows chordal and anterior leaflet 
systolic anterior motion of the mitral valve 
(SAM) leading to left ventricular outflow tract 
obstruction, malcoaptation of the mitral valve 
leaflets (white line), and severe, posteriorly 
directed mitral regurgitation. LA, left atrium; 
LV, left ventricle. 


decreased dynamic obstruction of the LVOT, and decreased 
SAM. Perioperative complications of surgery include aortic 
regurgitation, ventricular septal defects, left bundle branch 
block and atrioventricular block requiring permanent pace¬ 
maker implantation. 

Echocardiography is useful in defining patients suitable for 
surgical myomectomy. It is important to report maximal septal 
thickness and also distance of maximal septal thickness to aortic 
annulus because surgeons use these measures to determine 
extent of resection. The preoperative characteristics of patients 
who benefit from surgical myomectomy include asymmetric 
hypertrophy severe SAM, and a high LVOT gradient at rest or 
provoked with exercise [99]. Preoperative echocardiographic 
evaluation also includes the assessment of intrinsic mitral 
valve disease that warrants surgery and concomitant aortic 
valve disease in addition to the detection of additional sites of 


obstruction (mid-ventricular or right ventricular outflow tract). 
Some patients undergoing myomectomy will also require mitral 
valve replacement for severe mitral regurgitation. 

Intraoperative TEE allows for delineation of the repair after 
myomectomy (Video 35.11). TEE can determine if there is resid¬ 
ual LVOT obstruction residual mitral regurgitation or resid¬ 
ual SAM (Figure 35.18) [100]. Surgical complications such as 
ventricular septal defects, aortic regurgitation, LV dysfunction, 
or pericardial tamponade can also be detected with intraop¬ 
erative TEE. Echocardiographic studies performed at rest and 
with provocative maneuvers are important in the follow-up of 
patients after surgical myomectomy (Figure 35.19). 

Septal catheter ablation consists of the selective injection of 
ethanol into the first septal perforator branch of the left ante¬ 
rior descending coronary artery This leads to occlusion of the 
septal branch and a localized infarction of the hypertrophied 



Figure 35.19 Transthoracic echocardiogram 3 months after surgical myomectomy to relieve left ventricular outflow tract obstruction. Various apical 
images are displayed. A. Apical 4-chamber view demonstrates thinning of the basal septum. B. Apical 5-chamber view with color flow mapping shows no 
significant residual left ventricular outflow tract obstruction. C. In the same view, mild to moderate aortic regurgitation is present. 
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Figure 35.20 Transthoracic echocardiogram to 
guide alcohol septal ablation procedure. 

End-diastolic septal thickness was 18 mm and 
peak left ventricular outflow tract gradient was 
65 mmHg. (a) Apical 4-chamber in adult view 
shows basal septal hypertrophy, (b) Myocardial 
perfusion imaging in the same view after 
administration of contrast agent into the first 
septal perforator branch shows that the contrast 
opacifies only the hypertrophied basal septum 
(white arrow) where there is mitral leaflet-septal 
contact. These findings make the patients 
eligible for alcohol septal ablation. 



basal septum. The infarction results in thinning of the infarcted 
myocardial segment, decreased SAM, and immediate (gener¬ 
ally modest) relief of the LVOT obstruction in the majority of 
patients. Chronic ventricular remodeling with further decrease 
in septal thickness, SAM, and enlargement of the LVOT leads to 
further decrease in LVOT obstruction over time [32]. 

Transthoracic imaging is used during septal ablation proce¬ 
dures. The intra-arterial injection of contrast agents allows the 
localization of the vascular beds perfused by individual septal 
perforators. After the injection of the contrast agent, the myocar¬ 
dial segments supplied by the septal branch become opacified 
(Figure 35.20). The extent of myocardial opacification can be 
evaluated from multiple views (Video 35.12). The vascular ter¬ 
ritory targeted by the procedure is the region of anterior mitral 
leaflet-septal contact adjacent to the zone of flow acceleration 
in the LVOT. If contrast opacification is seen in areas remote 
from the site of mitral leaflet-septal contact, this necessitates the 
selection of another vessel to be targeted. The injection of 
ethanol has the same distribution as that of the contrast agent 
and results in increased reflectivity of the targeted myocardial 
area [ 101 ]. It has been shown that the use of intraprocedural con¬ 
trast echocardiography improves outcome after septal catheter 
ablation because it limits the number of vessels injected, lowers 
the volume of ethanol used, and causes fewer cases of atrioven¬ 
tricular block [102]. 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 35.1 Athletes heart. Two-dimensional apical 4-chamber 
image (in adult view) of a 15-year-old cyclist. There is mild biven¬ 
tricular hypertrophy Ventricular cavities are enlarged and systolic 
function is normal. 

Video 35.2 Asymmetric septal hypertrophic cardiomyopathy 
Parasternal short-axis view at the papillary muscle level of 
a patient with asymmetric septal hypertrophic cardiomyopathy 
showing increased thickness of the interventricular septum with 


extension onto the anterolateral wall. The left ventricular cavity is 
small and there is hyperdynamic systolic function. 

Video 35.3 Asymmetric septal hypertrophic cardiomyopathy. 
Parasternal long-axis view of a patient with asymmetric septal 
hypertrophic cardiomyopathy showing increased septal thickness, 
dilated left atrium, and systolic anterior motion of the mitral leaflets 
which contributes to left ventricular outflow obstruction. 

Video 35.4 Biventricular hypertrophy Subxiphoid view in a 6- 
month-old boy presenting with failure to thrive and dyspnea. There 
is marked biventricular hypertrophy The boy was ultimately diag¬ 
nosed with Pompe disease. 

Video 35.5 Systolic anterior motion. Apical 5-chamber view of a 
patient with marked and extensive septal hypertrophy. Systolic ante¬ 
rior motion of the mitral leaflets and chordal tissue is demonstrated. 

Video 35.6 Asymmetric septal hypertrophic cardiomyopathy. 
Parasternal long-axis view with color flow mapping showing basal 
septal hypertrophy with narrowing and obstruction of the left ven¬ 
tricular outflow tract and systolic anterior motion during systole. 
This leads to eccentric mid- to late-systolic mitral regurgitation. 

Video 35.7 Asymmetric septal hypertrophic cardiomyopathy Api¬ 
cal 4-chamber view with color flow mapping demonstrates basal 
septal hypertrophy Aliasing demonstrates the location of the left 
ventricular outflow tract obstruction. The resultant mitral regurgi¬ 
tation is also seen. 

Video 35.8 Mid-ventricular hypertrophic cardiomyopathy Apical 
4-chamber image (in adult view) demonstrates predominant mid- 
septal hypertrophy with cavity obliteration during systole. 

Video 35.9 Apical hypertrophic cardiomyopathy. Apical 4- 
chamber view demonstrates hypertrophy of all apical myocardial 
segments and cavity obliteration at the apex during systole. 

Video 35.10 Apical hypertrophic cardiomyopathy. Apical 4- 
chamber view showing hypertrophy of the apical myocardial 
segments. Myocardial deformation analysis shows reduced 
longitudinal shortening of the hypertrophied segments. 

Video 35.11 Transesophageal echocardiogram demonstrating sys¬ 
tolic anterior motion of the mitral valve. Left ventricular outflow 
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tract view demonstrates significant septal hypertrophy with systolic 
anterior motion of the mitral valve. The aortic leaflets flutter in sys¬ 
tole as a result of the turbulent flow. The distance from the aortic 
valve and precise site of mitral-septal contact can be appreciated. 
Maximal septal thickness can be measured to determine extent of 
myomectomy. 

Video 35.12 Contrast echocardiography to guide alcohol septal 
ablation. Apical 4-chamber image in adult view during alcohol sep¬ 
tal ablation procedure. There is basal septal hypertrophy. Adminis¬ 
tration of agitated saline into the first septal branch opacifies only 
the basal interventricular septum, suggesting that alcohol septal 
ablation of the first septal perforator will lead to regression in basal 
septal hypertrophy and intraventricular gradients. 
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Restrictive cardiomyopathy 

Introduction 

Restrictive cardiomyopathy is a rare disorder in children charac¬ 
terized by abnormal diastolic filling or compliance with normal 
or decreased diastolic volume of the ventricular chamber, in the 
setting of normal or near-normal systolic function [1]. The nat¬ 
ural history is variable and depends at least partially on the eti¬ 
ology. Once symptoms develop, the morbidity and mortality are 
high and the prognosis is poor. The probability of survival at 1, 
2, and 5 years is 80.5,39, and 20%, respectively [2]. The degree of 
hemodynamic abnormality and the risk of sudden death are sig¬ 
nificant [3], and heart transplantation is the treatment of choice 
once symptoms are present [4-6]. 

Incidence and etiology 

Although the exact incidence is unknown, restrictive car¬ 
diomyopathy is the least common of all pediatric cardiomy¬ 
opathies, representing approximately 5% of cases. No known 
racial predilection exists. Restrictive cardiomyopathy may be 
slightly more common in girls than in boys [7,8]. Idiopathic 
restrictive cardiomyopathy represents the majority of cases in 
children. In patients with a familial component to their restric¬ 
tive cardiomyopathy, the mode of inheritance is predominantly 
autosomal recessive transmission [9]. Additionally, patients with 
hypertrophic cardiomyopathy and diabetic cardiomyopathy can 
also present with a restrictive component to their disease pro¬ 
cess. Restrictive cardiomyopathy is also seen with rare diseases 
[10], as summarized in Table 36.1. 

Pathophysiology 

The physiology of restrictive cardiomyopathy is characterized 
by impaired myocardial relaxation and ventricular compli¬ 
ance leading to atrial dilatation and dysfunction. As a result, 
ventricular filling is primarily limited to early diastole. Typi¬ 
cal hemodynamic characteristics include increased ventricular 


end-diastolic pressures with equalization of diastolic pressure 
between the atrial and ventricular chambers. 

Anatomic findings include atrial enlargement, normal ven¬ 
tricular size with normal wall thickness, or concentric hyper¬ 
trophy. Histology reveals endocardial and interstitial fibrosis 
with increased collagen deposition, myocyte hypertrophy with¬ 
out myofiber necrosis or disarray, and without inflammatory 
infiltration. In children, endomyocardial biopsies are usually not 
helpful in the diagnosis, unless amyloidosis or hemochromatosis 
is suspected [11,12]. 

Imaging 

Echocardiography is uniquely suited as a diagnostic tool to 
detect the anatomic and functional abnormalities associated 
with restrictive cardiomyopathy and remains the major non- 
invasive imaging modality employed in the initial assessment of 
restrictive and constrictive physiology [13,14]. A complete study 
composed of 2D imaging, M-mode, and Doppler interrogation 
of both systolic and diastolic function allows the examiner to 
identify specific features of restrictive physiology, correlate with 
left-sided and right-sided filling pressures, and importantly to 
differentiate and distinguish from constrictive physiology. 

Goals of imaging 

• Assessment of inferior vena cava size and collapse with inspi¬ 
ration. 

• Assessment of atrial size, dimension and volume (if routinely 
performed). 

• Assessment of ventricular size and function. 

• Assessment of atrioventricular valve function. 

° Right ventricular pressure estimate as measured by tricuspid 
regurgitation jet. 

• Inflow patterns of atrioventricular valves, pulmonary veins, 
hepatic veins. 

• TDI investigation of mitral and tricuspid annuli to help dis¬ 
tinguish from constrictive pericarditis (Table 36.2). 

• Assessment for thrombus. 


Echocardiography in Pediatric and Congenital Heart Disease: From Fetus to Adult, Second Edition. Edited by Wyman W. Lai, Luc L. Mertens, Meryl S. Cohen and Tal Geva. 
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd. 

Companion website: www.lai-echo.com 
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Table 36.1 Etiologies of restrictive cardiomyopathy 


Idiopathic 

Amyloidosis 

Hemosiderosis 

Hemochromatosis 

Hypereosinophilia: 

Loeffler syndrome 
Carcinoid syndrome 
Endocardial fibroelastosis 
Metabolic diseases: 

Gaucher's disease 
Fabry's disease 
Hurler syndrome 
Glycogen storage disease 
Secondary to radiation therapy 
Secondary to anthracycline administration 


2D echocardiography 

In restrictive cardiomyopathy, both ventricular cavities are 
typically small with decreased end-diastolic dimensions. 
Marked biatrial enlargement is pathognomonic (Figure 36.1; 
Video 36.1), with the atrial dimension in adults usually measur¬ 
ing >45 mm in apical 4-chamber view. A left atrial dimension 
greater than 60 mm has been associated with a poor prognosis 
[15]. Atrial thrombi may be seen, especially in the appendages. 
Concentric left ventricular hypertrophy with normal or slightly 
decreased systolic function is usual [ 16]. Thickening of the atrial 
septum and cardiac valves is also common. Valvar dysfunction 
is often present, especially atrioventricular valve regurgitation 
(Figure 36.2). In most cases, there is evidence of pulmonary 
hypertension including elevated right ventricular pressure 
estimate as measured by the tricuspid regurgitation jet (in 4- 
chamber view) or flattened or bowing ventricular septal position 
(Figure 36.3). Right ventricular pressure maybe underestimated 
using the tricuspid regurgitation jet method because the atrial 
pressure (which must be included in the equation) is often fairly 


Table 36.2 Echocardiographic parameters to distinguish between restriction, constriction and tamponade 


Parameter 

Tamponade 

Constrictive pericarditis 

Restrictive cardiomyopathy 

RAP 

t 

t 

t 

RV and LV filling 

t 

t 

t 

pressures 

>] 

ii 

> 

Cd 

>; 

II 

> 

cd 

LV> RV 

PAP 

Normal 

Mildf 

Moderate-severet 

RV diastolic 


RVSP <40 mm Hg 

RVSP >40 mm Hg 

pressure plateau 


>1/3 peak RV pressure 

<1/3 RV pressure 

2D echo 

Pericardial effusion 

Pericardial effusion 

LVH 



Septal shudder 

Interventricular dependence: IVS diastolic shift toward 
LV during inspiration and toward RV during expiration 

No interventricular dependence 

M-mode 


Septal notch 

No septal notch 

Doppler MV 

Reciprocal respiratory 

Respiratory variation (>10%) in RV and LV filling 

No respiratory variation in RV and LV filling 

and TV 

changes in RV and LV filling 
|TV E during inspiration 

|MV E during expiration 



|MV E during expiration 

Respiratory variation in IVRT 

No respiratory variation in IVRT 


LV inflow: E > A 

LV inflow: E > A 

LV inflow: 
early: E < A 

late: E » A with J,A velocity 

Doppler Pv 


tTR peak velocity, VTI and duration during inspiration 

No respiratory variation in TR jet 



Respiratory variation in Pv flow: |D during expiration 

No respiratory variation in Pv flow 



Pv flow: 

Pv flow: 



tAR 

|AR velocity and duration 



IS 

Early: |S and |D 

Late: normal S and |D 

TDI 


S/D >0.65 during inspiration 

S/D <0.4 



e' >8 cm/s 

e' <8 cm/s 



E/e' <15 

E/e' >15 

Color M-mode 


Vp >100 cm/s 

Vp <45 cm/s 


Source: Adapted from Otto CM. Textbook of Clinical Echocardiography, 3rd edn, p. 273. Elsevier Saunders, Philadelphia, PA, and from Tam JW, Shaikh N, 
Sutherland E. Echocardiographic assessment of patients with hypertrophic and restrictive cardiomyopathy: imaging and echocardiography. CurrOpin Cardiol 
2002;17:470-477. 

RAP, right atrial pressure; RV, right ventricle; LV, left ventricle; PAP, pulmonary artery pressure; RVSP, right ventricular systolic pressure; LVH, left ventricular 
hypertrophy; IVS, interventricular septum; MV, mitral valve; TV, tricuspid valve; IVRT, isovolumic relaxation time; Pv, pulmonary vein; TR, tricuspid 
regurgitation; AR, A reversal; Vp, propagation velocity 
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Figure 36.1 4-chamber view of a patient with restrictive physiology. Both 
ventricular cavities are small with decreased end-diastolic dimensions. The 
marked atrial enlargement (“ice cream cone heart”) is pathognomonic. 



Figure 36.3 Parasternal short-axis view in restrictive cardiomyopathy 
demonstrating systolic flattening of the interventricular septum (arrow) 
indicative of pulmonary hypertension. This patient also has pericardial 
effusion from increased filling pressure. LV, left ventricle; PE, pericardial 
effusion; RV, right ventricle. 


high. Subxiphoid imaging often reveals that the inferior vena 
cava is dilated and does not collapse with inspiration (plethora), 
reflecting increased right atrial pressure (Figure 36.4). A pericar¬ 
dial effusion may be present. Myocardial reflectance is usually 
increased. In the case of amyloidosis, the ventricular walls are 
thickened with a granular or sparkling myocardium on echocar¬ 
diography, reflecting amyloid deposits. M-mode echocardio¬ 
graphy provides basic assessment of cardiac structure and 
dimensional changes during the cardiac cycle [17]. When exam¬ 
ined with this imaging modality, the ventricular chambers are 
typically small and mild concentric hypertrophy is usually seen. 

Flow characteristics 

Doppler echocardiography remains the primary clinical tool 
for providing reliable assessment of diastolic function. In the 
preliminary stages of restriction, an impaired relaxation pat¬ 
tern may be present before the onset of abnormal compliance. 



Figure 36.4 Subxiphoid view of a markedly dilated inferior vena cava, 
reflecting increased right atrial pressure. IVC, inferior vena cava. 



(a) (b) 

Figure 36.2 Apical 4-chamber view of a child with restrictive cardiomyopathy: severe tricuspid regurgitation (a), mild mitral regurgitation (b), and 
pericardial effusion from increased filling pressure. LA, left atrium; LV, left ventricle; PE, pericardial effusion; RA, right atrium; RV, right ventricle. 
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Figure 36.5 Mitral valve inflow Doppler showing 
predominantly late diastolic filling of the left 
ventricle, with E/A wave reversal (E < A). E, early 
diastolic wave; A, late diastolic wave. 



Determination of severity of diastolic dysfunction is important 
not only for diagnostic but also for prognostic reasons, as the 
mortality rate is highly associated with a markedly restrictive 
pattern [18]. 

Evaluation of diastolic function is routinely comprised of 
measurement of mitral early (E wave) and late (A wave) dias¬ 
tolic inflow and pulmonary vein systolic (S wave), diastolic (D 
wave) and atrial reversal (AR wave) flow with the correspond¬ 
ing right-sided tricuspid and hepatic vein flow waves. Progres¬ 
sive impairment of diastolic function leads to different patterns 
of transmitral, pulmonary venous Doppler and mitral annular 


tissue Doppler velocities. Using these parameters, four stages of 
diastolic dysfunction maybe determined [19]. 

The classic Doppler pattern of impaired relaxation is charac¬ 
terized by [13,18,20]: 

1 Mitral inflow: In the initial phase of delayed relaxation, 
reversal of the normal transmitral E and A waves with E 
< A is noted (Figure 36.5). When restriction is present, a 
large E wave and small A wave with an E/A ratio >2 [21, 
22], a shortened deceleration time (DT) (<150 ms), and a 
shortened isovolumic relaxation time (IVRT) (<60 ms) are 
noted (Figure 36.6). In contrast to constriction, there is no 


Figure 36.6 Mitral valve inflow Doppler of a 
patient with restrictive physiology Large E wave 
and small A wave with an E/A ratio >2 and a 
short deceleration time (DT) of 93 ms are 
characteristic of a restrictive physiology. 
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Figure 36.7 Mitral inflow Doppler showing no 
respiratory variation in restrictive physiology, 
as opposed to constrictive physiology 


significant change in mitral E wave, DT, or IVRT with respi¬ 
ration (Figure 36.7). 

2 Pulmonary veins: The initial phase of delayed relaxation is 
characterized by reversal of the normal S and D waves with 
S > D in adults. Restriction is defined as a D-predominant 
flow pattern with small S wave and large D wave, with an S/D 
ratio <0.5. In young children in whom a dominant D wave is 
normally seen, evaluation of the S and D wave pattern is of 
little value. Prominent A reversal with both increased ampli¬ 
tude and prolongation is seen, with an A reversal width greater 
than the mitral A wave duration (Figure 36.8). In contrast to 


a constrictive pattern, there is no significant respiratory vari¬ 
ation of the D wave. 

3 Tricuspid inflow: The patterns are similar to mitral inflow 
with restriction characterized by an increased E/A ratio 
and a shortened DT (Figure 36.9). Further shortening of 
the DT is noted with respiration with minimal change in 
E/A ratio. 

4 Hepatic veins: The patterns are similar to pulmonary vein 
flow. An S/D ratio <0.5 with prominent atrial and ventricu¬ 
lar reversal is noted with restriction (Figure 36.10). There is 
increased prominence of reversal waves with respiration. 



Figure 36.8 Note the prominent A reversal of 
the pulmonary vein Doppler with both 
increased amplitude and prolongation 
(corresponding to the numbers 3 and 4, 
respectively). The A reversal width is greater 
than the mitral A wave duration in the 
corresponding patient (Figure 36.5). S, systolic 
wave; D, diastolic wave; A, atrial reversal wave. 
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Figure 36.9 Tricuspid inflow of a patient with 
restrictive cardiomyopathy showing a large E 
wave and a small A wave. 



It is important to remember that these measurements are 
dependent on loading conditions and assume that the patient 
is in sinus rhythm. As noted previously, and as opposed to con¬ 
striction, there is no respiratory variation in mitral and tricus¬ 
pid E wave and in left ventricular IVRT in restrictive physi¬ 
ology [23]. Unfortunately, Doppler echo car diographic findings 
still show overlap between restrictive and constrictive patterns. 
Intravascular volume expansion has been shown to be safe and 
effective in augmenting the diastolic impairment of restrictive 
physiology [24]. 


Color M-mode 

Color M-mode offers a unique view into the fluid dynamics 
of left ventricular inflow. It assesses the flow propagation 
from the mitral valve into the left ventricle, which is depen¬ 
dent on intraventricular pressure gradients. The velocity of 
propagation (Vp), assessed by the slope of the color aliasing 
velocity at the leading edge of the E wave, is enhanced with 
rapid normal ventricular relaxation [25,26]. Vp provides a 
relatively preload-independent determination of relaxation and 
can be used in conjunction with the mitral inflow E wave to 


Figure 36.10 Hepatic venous Doppler in 
restrictive cardiomyopathy demonstrating 
prominent A wave reversal. 
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(b) 

estimate pulmonary capillary wedge pressure [27]. In restrictive 
cardiomyopathy, Vp is decreased compared with constrictive 
pericarditis, where Vp is normal or increased (Figure 36.11) 
[28-30]. 

Tissue mechanics 

Using either Doppler principles or tissue tracking technology, 
the movement of the myocardium can be evaluated in the assess- 


Figure 36.11 Color M-mode of a patient with 
restrictive cardiomyopathy (b), demonstrating 
decreased inflow propagation velocity (Vp), 
compared with color M-mode in a normal 
patient (a). 

ment of restrictive cardiomyopathy. Tissue motion as measured 
by tissue Doppler imaging (TDI) is less load sensitive than blood 
flow. TDI helps distinguish constrictive from restrictive physi¬ 
ology. Patients with restrictive cardiomyopathy have an abnor¬ 
mality of both relaxation and compliance, whereas those with 
constrictive pericarditis have normal relaxation but impaired 
compliance. Early mitral annular velocity (e' wave) is usually 
reduced in restriction (Figure 36.12), whereas it is normal or 
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(a) 


Figure 36.12 Decreased e' velocity <8 cm/s 
(a) and prominent e' and small a' waves (b) 
by tissue Doppler imaging in a patient with 
restrictive cardiomyopathy e', early diastolic 
wave; a', late diastolic wave; s', systolic wave. 
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(b) 


increased in constrictive pericarditis [30]. TDI of the mitral 
annulus reveals a similar reversal of the e' and a' pattern with 
e' < a' (Figure 36.13) and with velocities less than the normal 
8 cm/s. However, with progressive diastolic dysfunction, early 
myocardial velocities remain depressed without the pseudonor- 
malized pattern that confounds evaluation of color transmitral 
flow. Measurement of the ratio of the Doppler transmitral E wave 
to the tissue Doppler mitral e' wave (E/e' ratio) is useful in the 
assessment of left ventricular filling pressure. An E/e' ratio >15 
indicates elevated left ventricular filling pressure [28-33]. 

Additional methods of assessing myocardial mechanics in 
restrictive cardiomyopathy include strain and strain rate. Strain 


represents the relative deformation of myocardium and strain 
rate is defined as the speed of deformation of myocardium [34]. 
Strain is a dimensionless measure and is produced by appli¬ 
cation of stress. It represents the percentage change from the 
original or unstressed dimension and includes both lengthen¬ 
ing or expansion (positive strain) and shortening or compres¬ 
sion (negative strain). Compared with tissue velocities, these 
parameters are less influenced by cardiac motion and allow 
more accurate assessment of segmental myocardial function. 
Strain has been shown to correlate with both pulmonary arte¬ 
rial wedge pressure and end-diastolic pressure [20]. It is useful 
to demonstrate early impairment in systolic function at a time 
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when fractional shortening remains normal [35]. In patients 
with impaired relaxation, the subendocardial fibers demonstrate 
slower relaxation times in early diastole. Recently, tissue tracking 
techniques have been developed to eliminate the inherent angle 
dependency of conventional Doppler echocardiography. Tissue 
tracking of the myocardium has been used to evaluate both tis¬ 
sue velocities and deformation [36]. These novel applications 
should play an increasing role in future evaluation of restrictive 
physiology. 

The different echocardiographic parameters of diastolic dys¬ 
function in adults are summarized in Table 36.3 and Fig¬ 
ure 36.14. It is important to remember that in young children, 
especially infants, the mature Doppler patterns of blood flow 
are not established, making the confident evaluation of diastolic 
function more challenging than in adults. Despite these limita¬ 
tions, with our growing understanding of myocardial mechan- 


Figure 36.13 Tissue Doppler imaging showing 
reversal of e' and a' waves with e' < a'. 

ics, diastole should not be ignored in children. Evaluation of 
relaxation using all of the available tools is important to help 
identify isolated diastolic dysfunction - such as in restrictive car¬ 
diomyopathy - and monitor the patients disease state. Further 
work to develop clear measures of diastolic function in children 
is ongoing. 

Transesophageal echocardiography 

Transesophageal echocardiography (TEE) affords improved 
imaging windows in the older patient and a superior angle of 
interrogation for analysis of the pulmonary vein flow. Addition¬ 
ally, the transgastric view offers a direct visualization of the peri¬ 
cardium. As described above, volume expansion has been shown 
to be effective in augmenting the diastolic impairment of restric¬ 
tive physiology, increasing the likelihood of a positive diagnosis 
by TEE [24]. 


Table 36.3 Parameters and echocardiographic measures of diastolic function in children and adults 


Parameters 

Normal for 
youngsters 

Normal 

for adults 

Mild diastolic 
dysfunction (grade 1) 

Pseudonormal 
(grade II) 

Restrictive pattern 
(grade lll-IV) 

LV relaxation 

Normal 

Normal 

t 

U 

HI 

LV stiffness 

Normal 

Normal 

t 

tt 

ttt 

LA 

Normal 

Normal 

t 

Normal 

I 

contractility 

Preload 

Normal 

Normal 

Normal 

t 

tt 

E/A 

>1 

>1 

<1 

1-2 

>2 

DT (ms) 

<220 

<220 

>220 

150-200 

<150 

IVRT (ms) 

<100 

<100 

>100 

60-100 

<60 

S/D 

<1 

>1 

>1 

<1 

<1 

AR (cm/s) 

<35 

<35 

<35 

>35 

>25 

Vp (cm/s) 

>55 

>45 

<45 

<45 

<45 

e' (cm/s) 

>10 

>8 

<8 

<8 

<8 

Source: Adapted from Garcia et al. [28], 

LV, left ventricle; LA, left atrium; DT, deceleration time; IVRT, isovolumic relaxation time; AR, atrial reversal; Vp, propagation velocity. 
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Figure 36.14 Comparison of the changes in mitral valve inflow Doppler, pulmonary vein Doppler, tissue Doppler, and color M mode found during 
evaluation of progressive stages of diastolic dysfunction. Source: Adapted from Garcia et al. 1998 [28]. 


Additional mModalities 

Electrocardiography may help in distinguishing restrictive car¬ 
diomyopathy from constrictive pericarditis but is never diag¬ 
nostic. The ECG may show depolarizing abnormalities such as 
a bundle branch block, ventricular hypertrophy, and impaired 
atrioventricular conduction. A chest X-ray may show car- 
diomegaly, enlarged atria with prominent right heart border, and 
enlarged carina angle. Cardiac catheterization can also help in 
the distinction. 

Cardiac computed tomography and cardiac magnetic 
resonance imaging 

Computed tomography (CT) and cardiac magnetic resonance 
(CMR) imaging are useful to help differentiate restrictive car¬ 
diomyopathy from constrictive pericarditis by assessing peri¬ 
cardial thickness, the hemodynamics of constriction, and any 
myocardial abnormalities. Some forms of restrictive cardiomy¬ 
opathy are associated with characteristic CMR findings, such as 
endomyocardial fibrosis. CMR can reliably quantify iron load¬ 


ing in patients with hemochromatosis through the T2 mapping 
technique (shortened T2 relaxation time) [37]. 

Pericardial diseases 

Constrictive pericarditis 

Introduction 

Constrictive pericarditis is defined as inflammation, thickening, 
and fusion of the thin and easily distensible parietal and visceral 
pericardial layers, resulting in impaired venous return and ven¬ 
tricular filling of the heart [38]. The process is typically indo¬ 
lent and slowly progressive, with clinical manifestation usually 
appearing months or even years after the initial inflammatory 
insult. 

Incidence and etiology 

Constrictive pericarditis is very rare and sporadic in the pedi¬ 
atric population [39]. The disease is most commonly a compli¬ 
cation of acute pericarditis, either a single intense episode or 
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Table 36.4 Causes of constrictive pericarditis sures are elevated, reflecting both ventricular noncompliance 

and atrial constraint by the thick pericardium. Since there is 
isolated encasement of the pericardium but not of the sys¬ 
temic veins or lungs, there is dissociation between intrathoracic 
and intracardiac pressures, with marked interventricular depen¬ 
dence, respiratory variation, and discordance in right and left 
heart filling [23,38,43]. 

Imaging 

Echocardiography remains the best tool in the initial assessment 
of constrictive pericarditis [13]. A combination of 2D imag¬ 
ing, M-mode, and Doppler information is capable of diagnos¬ 
ing the anatomic and pathophysiologic features of constrictive 
pericarditis in most patients. 


Idiopathic 

Post-acute pericarditis 

Tuberculosis 

Infectious: 

Viral 

Bacterial: staphylococci, streptococci 
Fungal: histoplasmosis 
Rheumatoid disease 
Sarcoidosis 

Mediastinal radiation (Hodgkin lymphoma) 

Trauma (hemopericardium) 

Status post-cardiac surgery (postpericardiotomy syndrome) 
Uremia 

Neoplasia with pericardial infiltration 
Metabolic and genetic disorders 


multiple recurrent flares [40]. The underlying inciting event fre¬ 
quently varies with the ethnicity and country of origin of the 
patient. Tuberculous pericarditis is the most frequent known 
cause of chronic constrictive pericarditis worldwide. Mediasti¬ 
nal irradiation and cardiac surgery are the most common causes 
of constriction in Europe and North America [41]. The diag¬ 
nosis of constrictive pericarditis is often made after an exten¬ 
sive diagnostic work-up in the setting of failure of conventional 
medical therapy for congestive heart failure. Life expectancy is 
reduced in untreated children and in patients with relatively 
acute onset of symptoms [42]. There is no statistical difference 
between race and gender in the prevalence of the disease. 

Constrictive pericarditis is rare in children. Different etiolo¬ 
gies can produce variable clinical findings, depending on the 
rapidity and severity of development (Table 36.4). Chronic con¬ 
strictive pericarditis develops insidiously and frequently no eti¬ 
ology is found. 

Pathophysiology 

In constrictive pericarditis, the size of the heart is usually 
normal. The pericardium typically shows inflammation, fibro¬ 
sis, thickening and obliteration of the space between the vis¬ 
ceral and parietal layers. Adhesions also occurs between the 
pericardium and myocardium. The pericardial thickening and 
adhesions may be focal or diffuse. Calcifications may also be 
present. Myocardial histologic findings include fibrotic thicken¬ 
ing, chronic inflammation, granulomas, and calcification. 

Conditions that lead to constrictive pericarditis result in 
decreased cardiac compliance associated with diminished ven¬ 
tricular distensibility, inability to maintain adequate preload, 
and biventricular diastolic dysfunction. As opposed to pericar¬ 
dial effusion, early ventricular filling is not altered in constrictive 
pericarditis. However, as the ventricles fill, they meet the inelas¬ 
tic resistance of the stiff, often calcified pericardium, at which 
time filling pressure rises rapidly to an elevated plateau. This 
late diastolic phenomenon is due to a change in the volume- 
elasticity curve, a small increase in volume results in a con¬ 
siderable increase in end-diastolic pressure. Atrial filling pres- 


Goals of imaging 

• Assessment of inferior vena cava size and collapse with inspi¬ 
ration. 

• Assessment for pericardial thickening. 

• Assessment of atrial and ventricular size and function. 

• Doppler assessment of reciprocal respiratory variation of right 
and left heart flows. 

• TDI assessment to help distinguish from restrictive cardiomy¬ 
opathy (Table 36.2). 

2D echocardiography 

A thickened pericardium with some degree of pericardial effu¬ 
sion may be observed in various echocardiographic views [44]. 
However, 2D echocardiography is often insensitive, as mildly 
increased pericardial thickening may be missed and a false¬ 
positive finding may be obtained if the gains are set too high. 
Pericardial calcifications with localized tethering of atrial or ven¬ 
tricular cavities may be noted. Separation of the entire peri¬ 
cardium by a small fixed space is known as the “halo sign” 
(Figure 36.15). An abnormal echo contour at the reflection of 
the pericardium to the posterior left atrial wall may be seen. 
In subxiphoid view, the systemic veins are usually dilated, with 
the inferior vena cava exhibiting absent collapse with inspiration 
(plethora) (Figure 36.4). 

Abnormal motion of the myocardium relative to the peri¬ 
cardium is best seen anterior to the right ventricular outflow 
tract or lateral to the apex in the 4-chamber view, with the 
myocardium appearing to pull the pericardium without alter¬ 
ing the small echo-free separation of these two layers. Septal 
“bounce” is typical, defined as abrupt posterior movement of 
the interventricular septum in early diastole during inspiration 
(Video 36.2); this is caused by underfilling of the left ventricle 
and redistribution of blood from the left to the right ventricle. 
Septal “bounce” may represent the first and best clue for the pres¬ 
ence of constriction [45]. The left ventricular posterior wall may 
show the same “bouncing” pattern. 

In addition to these findings, most echocardiographic views 
will show that the right and left ventricular chamber sizes are 
decreased, and both atria are mildly enlarged, related to the 
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Figure 36.15 Parasternal short-axis and long-axis views of a patient with constrictive pericarditis and a small circumferential pericardial effusion (halo 
sign). Ao, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle. 


compliance abnormality of the ventricles. The ventricles often 
have an elongated appearance, giving the heart a tubular shape. 
The inspiratory increase in chamber size is larger in patients with 
constrictive pericarditis than in those with restrictive cardiomy¬ 
opathy. The biventricular systolic function is usually normal. A 
typical feature of constrictive pericarditis is parallel motion of 
the epicardium and the parietal pericardium, as it is in the nor¬ 
mal state, in contrast to the damping pattern of pericardial effu¬ 
sion. Interventricular septal motion, seen best with M-mode, 
may be paradoxical or flat as a sign of ventricular interdepen¬ 
dence (Figure 36.16). A characteristic septal notch has been 
described in early diastole (Figure 36.17), corresponding to the 
pericardial knob which occurs between the second and third 


heart sounds and to the septal bounce seen by 2D echocardio¬ 
graphy [46,47]. Extensive areas of adhesions seen posteriorly 
by 2D or M-mode provide evidence for generalized pericardial 
thickening and constriction (Figure 36.18). 

Flow characteristics 

The hallmark of Doppler examination in constrictive pericardi¬ 
tis is reciprocal respiratory variation of right and left heart flows 
caused by interventricular dependence. The classical Doppler 
pattern consists of the following (Figure 36.19) [20,48,49]: 

1 Mitral inflow: During inspiration, a smaller E wave, longer 
IVRT, and shorter DT are noted. During expiration, there 
is larger E wave, shorter IVRT, and usually longer DT. The 



Figure 36.16 M-mode demonstrating 
paradoxical septal motion (yellow arrow) and 
septal notch (white arrow) in early diastole. 
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E wave is typically increased more than 25% with expiration 
and the IVRT increases more than 25% with inspiration. 

2 Pulmonary veins: During inspiration, S and D waves are near 
equal in size. During expiration, larger S and D waves are 
noted. 

3 Tricuspid inflow: The tricuspid inflow shows the same pat¬ 
tern with reciprocal changes compared with the mitral inflow. 
During expiration, a smaller E wave, longer IVRT, and shorter 
DT is noted. During inspiration, there is larger E wave, shorter 
IVRT, and usually longer DT. The E wave is typically increased 
more than 40% with inspiration. 

4 Hepatic veins: During inspiration, the S wave is greater than 
the D wave, with a small A reversal and ventricular reversal. 
During expiration, the S wave is greater than the D wave, with 



Figure 36.18 Parasternal short-axis view of a patient with constrictive 
pericarditis showing thickening of the posterior pericardium. 


small or absent D wave and larger A reversal and ventricular 
reversal. 

Also described in constrictive pericarditis is an inspiratory 
increase in the tricuspid regurgitant jet velocity and duration of 
the signal [50]. 

As opposed to restrictive cardiomyopathy, respiratory vari¬ 
ation in the filling phases is more pronounced in constrictive 
pericarditis. It is important to note that no single Doppler mea¬ 
surement can fully characterize left ventricular diastolic func¬ 
tion. Most of the parameters are dependent on load, heart rate, 
and age. 

Color M-mode 

Color M-mode is helpful in distinguishing constrictive peri¬ 
carditis from restrictive cardiomyopathy. The propagation 
velocity (Vp) of early diastolic transmitral flow on color M- 
mode is normal or increased in constrictive pericarditis, in con¬ 
trast to restrictive cardiomyopathy where the Vp is decreased 
(Figure 36.11) [28]. 

Tissue mechanics 

The early mitral annular velocity (e' wave) is usually normal 
or high in constrictive pericarditis, as opposed to reduced in 
restrictive cardiomyopathy [29]. The usually positive linear rela¬ 
tion between mitral Doppler E and tissue Doppler e' (E/e'), is 
useful to assess left atrial pressure and is found to be reversed 
(annular paradox) in constrictive pericarditis [51]. 

Transesophageal echocardiography 

Although typically not performed in this setting in children, 
TEE offers a unique view of the pericardium, particularly from 
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Figure 36.19 Ventricular interdependence and respiratory variation in transvalvar and central venous flow velocities in constrictive pericarditis. With 
inspiration, the driving pressure gradient from the pulmonary bed to the left cardiac chambers decreases, resulting in a decrease in mitral inflow and 
diastolic pulmonary venous velocities. Decreased left ventricular filling results in ventricular septal shift to the left, allowing increased flow to the 
right-sided cardiac chambers, resulting in increased tricuspid inflow and diastolic hepatic venous velocities. The opposite changes occur during expiration. 
A, late diastolic (atrial reversal) Doppler wave; D, diastolic Doppler wave; E, early diastolic Doppler wave; HV, hepatic vein; LA, left atrium; LV, left 
ventricle; PV, pulmonary vein; RA, right atrium; RV, right ventricle; S, systolic Doppler wave. Source: Adapted from Oh JK, Diagnostic role of 
echocardiography in constrictive pericarditis. / Am Coll Cardiol 1994;23:154-62. 


the transgastric window [52,53]. Rapid volume expansion dur¬ 
ing TEE can be used for further separation of constrictive 
pericarditis from restrictive cardiomyopathy by significantly 
enhancing the respiratory variation of the pulmonary vein dias¬ 
tolic flow velocity in constrictive pericarditis [24]. 

Additional modalities 

The electrocardiogram is never diagnostic and shows nonspe¬ 
cific ST-segment and T-wave changes. The chest X-ray may be 
unremarkable. Heart size is not enlarged but pericardial calcifi¬ 
cations are present in up to 25-50% of patients (Figure 36.20), 
giving an “egg-shell” appearance to the cardiac silhouette [54]. 
The right superior mediastinum may appear enlarged due to 
dilation of the superior vena cava. Pleural effusions may be 
present, reflecting chronic right heart failure. Pulmonary infil¬ 
trates are uncommon. Cardiac catheterization may show cardiac 
calcifications on fluoroscopy (Figure 36.21) and allow assess¬ 
ment of hemodynamics. 

Cardiac computed tomography and magnetic 
resonance imaging 

Both CT and magnetic resonance imaging (MRI) can detect 
a thickened pericardium (>4 mm), but this is an insensitive 
finding. An advantage of CT is the ability to detect calcifica¬ 
tion (Figures 36.22 and 36.23), indicative of constrictive peri¬ 
carditis [54-56]. Failure of the immediate adjacent pulmonary 
structures to pulsate during the cardiac cycle in the presence 
of a thickened pericardium is highly suggestive of constric¬ 
tive physiology. However, CT may have difficulty differentiating 


pericardial fluid from thickened pericardium, and the absence 
of pericardial thickening does not rule out hemodynamically 
significant constrictive pericarditis. Cardiac MRI may demon¬ 
strate pericardial thickening and right atrial dilation [57]. The 



Figure 36.20 Chest X-ray demonstrating pericardial calcifications and an 
egg-shell appearance of the cardiac silhouette. Calcifications are present in 
40-50% of patients with constrictive pericarditis. 
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Figure 36.21 Cardiac catheterization with calcification of the pericardium 
in constrictive pericarditis. 


pericardium can be delineated on black-blood imaging and 
inflammation can be imaged using late gadolinium enhance¬ 
ment. Tethering to the underlying myocardium and lack of 
slippage can be seen using tagging. Real-time cine-MRI may 
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Figure 36.22 CT scan of the chest of the same patient demonstrating 
pericardial calcification (in white). Both CT and MRI can detect a 
thickened pericardium (>4 mm), but an advantage of CT is the ability to 
detect calcification, indicative of constrictive pericarditis. 



Figure 36.23 Cardiac computed tomography (CT) showing pericardial 
calcifications (arrows). 


show ventricular-ventricular interaction (compression of the 
left ventricle by the right ventricle during inspiration) with 
a characteristic interventricular septal “bounce” in early dias¬ 
tole (early diastolic septal inversion occurring at the onset of 
inspiration) [37,58)). 3D reconstruction allows direct visualiza¬ 
tion of the calcified pericardium with its precise localization 
(Figure 36.24), and is often very useful for the surgeon before 
pericardiectomy. 



Figure 36.24 Cardiac computed tomography (CT) with 3D reconstruction: 
calcified pericardium. 
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Pericardial effusion and cardiac tamponade 

Introduction 

The pericardial space normally contains a small amount of fluid, 
which serves as lubrication between the visceral and parietal 
layers of the pericardium. This fluid is produced by the vis¬ 
ceral pericardium and is essentially an ultrafiltrate of plasma. 
Pericardial effusion is defined as the presence of more than a 
physiologic amount of fluid in the pericardial space, usually as 
a result of inflammation. Cardiac tamponade (compression of 
the heart) results from a rapid or large amount of pericardial 
fluid accumulation, with subsequent restricted ventricular fill¬ 
ing and hemodynamic compromise. Cardiac tamponade is a 
medical emergency with a rapid and universally fatal course if 
untreated. Chest X-ray will often identify a markedly enlarged 
cardiac silhouette in patients with large pericardial effusions and 
tamponade (Figure 36.25). This must be distinguished from car- 
diomegaly associated with cardiomyopathy or myocarditis. 

Incidence and etiology 

Acute pericarditis is the most common cause of pericardial effu¬ 
sion. The true incidence of pericardial effusion is unknown 
because it often goes unrecognized in mild cases. Some of the 
most common causes of pericardial effusions are summarized in 
Table 36.5 [59]. Up to 5-10% of children who have had cardiac 



Figure 36.25 Chest X-ray revealing an enlarged cardiac silhouette with 
water-bottle-shaped heart in a patient with a large pericardial effusion 
post-cardiac surgery. 


Table 36.5 Causes of pericardial effusion and acute pericarditis 


Idiopathic Infectious 

Viral (coxsackievirus, echovirus, mumps. 


varicella, Epstein-Barr, adenovirus, influenza, 
human 


immunodeficiency virus) 

Bacterial (streptococcus, pneumococcus. 


staphylococcus. Neisseria species, 
mycoplasmas, Haemophilus influenzae type b, 

E. coli, Listeria, Legionella species. 

Pseudomonas) 


Fungal (candidiasis, histoplasmosis, 
actinomycosis) 

Parasitic (toxoplasmosis, coccidiomycosis 


Echinococcus, Entamoeba histolytica, 
rickettsias) 


Tuberculosis 

Uremia 

Hypothyroidism 

Neoplasia 

Metastases 

Leukemia 

Lymphoma 

Post-surgery (post¬ 


pericardiotomy 

syndrome) 


Acute myocardial 
infarction 

Aortic dissection 

Post-irradiation 

Rheumatic fever 
Collagen vascular 

Rheumatoid arthritis 

disease and 

Systemic lupus erythematosus 

inflammatory 

Sarcoidosis 

Dermatomyositis 

Familial Mediterranean fever 

Trauma 

Hypercholesterolemia 
Chylopericardium 
Whipple disease 
Drug-induced 

Hydralazine, isoniazid, procainamide 


surgery may develop postpericardiotomy syndrome, a pericar¬ 
dial fluid accumulation that occurs in the weeks after the repair. 
In children, cardiac tamponade is more common in boys than in 
girls, with a male-to-female ratio of 7:3. 


Pathophysiology 

Abnormal pericardial fluid production is usually secondary to 
injury or inflammation. Transudative fluid results from obstruc¬ 
tion of fluid drainage, whereas exudative fluid is secondary to 
inflammatory, infectious, malignant, or autoimmune processes. 
Significant fluid accumulation can result in marked increases 
in pericardial pressure, leading to decreased cardiac output and 
hypotension (cardiac tamponade). The clinical manifestations 
of pericardial effusion are highly dependent upon the rate of 
accumulation of fluid in the pericardial sac. Rapid accumula¬ 
tion of pericardial fluid causes sudden increased intrap ericardial 
pressure with hemodynamic compromise. Slowly progressing 
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effusions can be asymptomatic even when large fluid volumes 
are present [60]. 

The underlying pathophysiologic process for the development 
of tamponade is markedly diminished diastolic filling because 
transmural distending pressures are insufficient to overcome the 
elevated intrapericardial pressures. In tamponade, inspiration 
augments inflow to the right ventricle, causing an abrupt expan¬ 
sion of the right ventricle during diastole at the expense of the left 
ventricle [61]. The opposite happens during expiration, with left 
ventricular expansion causing right ventricular and atrial dias¬ 
tolic collapse. The reciprocating behavior of the ventricles dur¬ 
ing respiration is responsible for the physical examination find¬ 
ing of a pulsus paradoxus (an exaggerated decrease in systolic 
blood pressure during inspiration) [62]. 

Imaging 
Goals of imaging 

• Assessment of size and location of pericardial effusion. 

• Assessment for cardiac tamponade. 

° Tricuspid and mitral inflow patterns. 

° Hepatic and pulmonary venous patterns. 

° Diastolic collapse of right-sided structures. 

2D echocardiography 

Pericardial effusion appears as an “echo-free” space between the 
visceral and parietal pericardium [63]. Early effusions tend to 
accumulate posterior and inferior to the left ventricle, owing 
to expandable posterior/lateral pericardium. Accumulation of 
fluid above the right atrium in the 4-chamber view is the most 
sensitive indication as it is the first place where a pericardial effu¬ 
sion is seen. Moderate effusions extend towards the apex of the 
heart, and large effusions circumscribe the heart (Figures 36.26 
and 36.27; Videos 36.3 and 36.4) [64]. 

1 Small effusion: Seen along the length of the posterior wall, 
not anteriorly, and is defined as <10 mm in a mature heart. 

2 Moderate effusion: Usually seen circumferentially. Weitz- 
man criteria define a moderate effusion as 10-20 mm during 
diastole. 

3 Large effusion: Seen circumferentially. Weitzman criteria 
define a large effusion as more than 20 mm [65]. 

The presence of a pericardial effusion does not necessarily 
cause hemodynamic compromise to the patient. The effects of 
the effusion must be evaluated by echocardiographic param¬ 
eters of cardiac filling and transvalvar flow. The rapidity of 
fluid accumulation and the compliance of the pericardium influ¬ 
ence the pressure elevation for any given fluid volume. As peri¬ 
cardial fluid accumulates, intrap ericardial pressure increases 
until it exceeds the normal filling pressure of the heart, leading 
to tamponade. 

The first sign of hemodynamic significance is expiratory right 
ventricular free wall collapse early in diastole (Figure 36.28), 
reflecting the brief period when intrap ericardial pressure is 
greater than the right ventricular transmural distending pressure 
[66,67]. The echocardiogram shows flattening or even dynamic 



Figure 36.26 Subxiphoid echocardiographic image demonstrating a large 
circumferential pericardial effusion (arrow). LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 


reversal of the concave outward curvature of the right ventri¬ 
cle. The right ventricle is the first to collapse, related to its lowest 
intracardiac pressure compared with the left ventricle. Although 
right ventricular collapse is generally a specific indicator of tam¬ 
ponade, the sensitivity can be reduced in conditions that have 
increased right ventricular pressure, such as pulmonary hyper¬ 
tension or unrepaired tetralogy of Fallot [68]. 

Expiratory right atrial collapse occurs in late diastole, seen by 
echocardiography as an indentation of the normally rounded 
anterosuperior right atrial wall (Figure 36.29). The sensitivity 
of expiratory right atrial collapse for diagnosing tamponade 
is low (55%), but the specificity is high (90%). Extension of 



Figure 36.27 Subxiphoid echocardiographic image demonstrating a large 
circumferential pericardial effusion with tamponade physiology (arrow). 
LV, left ventricle; RV, right ventricle. 
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Figure 36.28 Four-chamber view demonstrating right ventricular collapse 
(arrow) as a finding of tamponade physiology. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 


collapse to greater than one-third of the cardiac cycle increases 
the sensitivity of this finding to more than 90% [69,70]. There¬ 
fore, absence of expiratory right atrial collapse virtually excludes 
tamponade. 

As intrapericardial pressure increases further, the right-sided 
chamber volumes become markedly reduced. In adults, the infe¬ 
rior vena cava is dilated (Figure 36.4), exceeding 20 mm in diam¬ 
eter, and shows no inspiratory collapse (plethora), assessed by 
less than a 5 mm decrease in diameter during inspiration [71]. 
The sensitivity of inferior vena cava plethora is high (97%), but 
the specificity is low (66%), as it may be seen in other con¬ 
ditions such a right heart failure, pericardial constriction, and 



Figure 36.29 Subxiphoid view demonstrating right atrial collapse (arrows) 
in tamponade physiology. LA, left atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle. 


mechanical ventilation. The cardiac chambers become small as 
a result of impaired filling. Decreased diastolic volume of the left 
atrium and left ventricle may occur during inspiration, related 
to the increased right heart inflow and abrupt expansion of the 
right ventricle. Nevertheless, left ventricular collapse is rarely 
seen because it is thicker walled and less compliant. The left 
ventricle usually shows signs of preload reduction but not frank 
free wall compression. In cardiac tamponade, the heart is swing¬ 
ing in the pericardial fluid on a beat-to-beat basis (Figure 36.27; 
Video 36.4). This is characterized as counterclockwise rotational 
movement, which occurs in addition to the triangular move¬ 
ment of the heart, producing a dance-like motion. The swing¬ 
ing heart correlates with electrical alternans on the electrocar¬ 
diogram. The parietal pericardium shows “damping” (loss of 
parallel motion with the myocardium) and flattening while the 
motion of the visceral layer and the heart is exaggerated. When 
the effusion is large, it can be seen anterior to the right ventri¬ 
cle. In tense pericardial effusion, fluid can also be seen behind 
the left atrium. When assessed by M-mode echocardiography, a 
phasic decrease in right ventricular diameter synchronous with 
expiration is strongly suggestive of tamponade if < 1 cm with the 
patient supine. M-mode can be used for assessment of expira¬ 
tory right ventricular diastolic collapse, timing with the opening 
of the mitral valve or posterior wall motion. Changes in leaflet 
separation and in the E to F slope of the mitral valve during dias¬ 
tole is also useful, with the leaflet separation decreasing and the 
slope being reduced during inspiration, reflecting a decrease in 
mitral inflow. 

Flow mechanics 

The mitral and tricuspid inflow, the aortic and pulmonary out¬ 
flow, and the hepatic vein flow show large swings in ampli¬ 
tude. Exaggerated respiratory variation in transvalvar flow is an 
important indicator of a hemodynamically significant effusion 
(Figure 36.30). Normally, there is no more than 10% variation in 
the amplitude of inflow and outflow signal, but variation exceeds 
30% in tamponade. 

The classic Doppler pattern of cardiac tamponade is [21,72]: 

1 Mitral inflow: During inspiration, E wave decreases and 
IVRT increases by more than 30% compared with expiration 
(Figure 36.31). 

2 Pulmonary veins: During inspiration, D wave decreases com¬ 
pared with expiration. 

3 Tricuspid inflow. During inspiration, E wave increases more 
than 50% compared with expiration (Figure 36.32). 

4 Hepatic veins: During inspiration, S is greater than D. Dur¬ 
ing expiration, there is a very limited or absent D wave with 
prominent reversals. 

These flow variations may precede chamber collapse. 

Echocardiographically guided pericardiocentesis 
Pericardiocentesis is considered the primary and definitive ther¬ 
apy for patients with clinically significant effusions [73,74]. The 
echocardiographic approach to pericardiocentesis is to assess the 
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Figure 36.30 Respiratory variation in 
pericardial effusion and tamponade with 
exaggeration of inspiratory decrease in mitral 
inflow and blood pressure responsible for 
pulsus paradoxus. ECG, electrocardiogram; 
Resp, respiration; IN, inspiration; EX, 
expiration; Pres, pressure; Ao, aortic 
pressure; PCW, pulmonary capillary wedge 
pressure; Peric, intrapericardial pressure. 


size, distribution, and ideal needle entry site and trajectory for 
the safest removal of fluid. The transducer is placed approx¬ 
imately 3-5 cm from the parasternal border and the area of 
maximal pericardial fluid accumulation. The needle trajectory 
is established by the angle of the transducer. Echo-guided peri¬ 
cardiocentesis has been proven to be a safe and effective pro¬ 
cedure (Figure 36.33). Whenever required, a drain can be left 
in the pericardial space if there is a high risk of recurrence 
(Figure 36.34). Echocardiographic confirmation of diminished 
effusion is performed at the end of the case. This echo-guided 
procedure can be performed at a monitored bedside or in the 
cardiac catheterization laboratory. 


Additional modalities 

Several electrocardiographic changes are associated with tam¬ 
ponade, including sinus tachycardia and low-voltage QRS com¬ 
plex. Sometimes, ECG findings in acute pericarditis include 
widespread upward concave ST-segment elevation and PR- 
segment depression. Electrical alternans, defined as an alteration 
of the QRS complex amplitude or axis between beats, is specific 
but not sensitive for pericardial tamponade [60]. The chest X-ray 
may demonstrate an increased cardiac silhouette (Figure 36.25) 
with a water bottle-shaped heart when excessive pericardial fluid 
accumulation is present [75]. Another X-ray finding is a low- 
density pericardial fat stripe sign, which consists of epicardial fat 
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Figure 36.31 Respiratory changes in the 
mitral valve E wave Doppler patterns 
consistent with tamponade physiology 
During inspiration, the mitral valve inflow E 
wave decreases by more than 30% compared 
with expiration. The tricuspid valve E wave 
inflow demonstrates the opposite and 
increases by more than 50% during 
inspiration compared with expiration. 
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Figure 36.32 Respiratory changes in the 
tricuspid valve E wave Doppler patterns 
consistent with tamponade physiology 
During inspiration, the mitral valve inflow E 
wave decreases by more than 30% compared 
with expiration. The tricuspid valve E wave 
inflow demonstrates the opposite and 
increases by more than 50% during 
inspiration compared with expiration (red 
lines). 
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visible between the myocardium and the pericardial effusion on 
the lateral view. The lung fields are usually oligemic but a pleural 
effusion may be associated, most often left-sided. 

Cardiac computed tomography and magnetic 
resonance imaging 

CT and CMR are usually not needed to diagnose pericardial 
effusion. CT can potentially determine compositions of fluids, 
may detect as little as 50 mL of fluid, and may be able to detect 
early signs of tamponade. Findings such as ventricular interde¬ 
pendence, right atrial and right ventricular collapse, and infe¬ 
rior vena cava and hepatic vein dilation can be detected. CT 



Figure 36.33 Echo-guided pericardiocentesis: the arrow is pointing to the 
needle that has been advanced into the pericardial space to drain the fluid 
collection. 


is sometimes useful for detecting loculated pericardial effusion 
or hematoma soon after cardiac surgery, as those often escape 
detection by echocardiography CMR can detect as little as 30 mL 
of pericardial fluid, and may be able to distinguish hemorrhagic 
from nonhemorrhagic effusions [76]. 

Differentiating restriction, constriction, 
and tamponade 

Both restrictive cardiomyopathy and constrictive pericardi¬ 
tis are characterized by abnormal diastolic ventricular filling 
and elevated ventricular end-diastolic pressures. Distinguishing 
between the two diagnoses can be difficult, particularly in cancer 
patients who have received anthracycline chemotherapy in addi¬ 
tion to thoracic radiation. As described earlier, Doppler echocar¬ 
diography is generally helpful in distinguishing between these 
two disorders. Ventricular end-diastolic pressures in restrictive 
cardiomyopathy are generally discordant, with left ventricular 
end-diastolic pressure being higher than right ventricular end- 
diastolic pressure. In constrictive pericarditis, the end-diastolic 
pressures tend to be equal. Echocardiographically, there is evi¬ 
dence of significant respiratory variation in Doppler ventricular 
inflow signals in constrictive pericarditis compared with min¬ 
imal respiratory variation in restrictive cardiomyopathy The 
different characteristics of echocardiographic findings between 
restrictive cardiomyopathy constrictive pericarditis and tam¬ 
ponade are summarized in Table 36.4. 

Acute pericarditis 

Introduction 

Pericarditis is inflammation of the pericardium. When the peri¬ 
cardium becomes inflamed, the amount of fluid between the 
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Figure 36.34 Pericardial tube: the arrow shows the drain in place, (a) Parasternal long-axis view; (b) Parasternal short-axis view 


two layers usually increases, leading to pericardial effusion. Peri¬ 
carditis may be serous, fibrinous, purulent, hemorrhagic, or 
chylous. 

Incidence and etiology 

Most of the time, the cause is unknown and presumed to be 
a result of a viral infection [40,77]. The identified causes are 
summarized in Table 36.5. Since it may go undiagnosed, the true 
incidence is unknown. The pericardium serves as a protective 
barrier to the spread of infection or inflammation from adjacent 
structures and contains a physiologic amount of fluid. In case 
of inflammation or infection, effusion can accumulate in the 
pericardial space. The pericardium shows inflammation with 
infiltration of polymorphonuclear leukocytes and pericardial 
vascularization. Often, the pericardium manifests a fibrinous 
reaction with exudates and adhesions. A granulomatous peri¬ 
carditis occurs with tuberculosis, fungal infections, rheumatoid 
arthritis, and sarcoidosis. 

Imaging 

2-D echocardiography 

The echocardiogram is often normal, unless acute pericarditis is 
associated with pericardial effusion. While the finding of a peri¬ 
cardial effusion supports the diagnosis of acute pericarditis, its 
absence does not exclude it. In pericarditis, the pericardium may 
have a normal appearance. 

Additional studies 

An increase in cardiac troponin I levels has been described 
as detectable in acute pericarditis in about 30% of patients 
[78]. Moreover, markers of inflammation such as white blood 


cell count, erythrocyte sedimentation rate and C-reactive pro¬ 
tein are usually elevated. Typical electrocardiogram changes 
include widespread upward concave ST-segment elevation and 
PR-segment depression. The chest X-ray is usually normal but 
sometimes cardiomegaly with clear lung fields may suggest asso¬ 
ciated pericardial effusion. CT and CMR are increasingly being 
used. Both are very sensitive in the detection of effusion and 
allow the measurement of pericardial thickness. The normal 
thickness of the pericardium as measured by CT scanning is 
less than 2 mm and by MRI less than 4 mm. The limitation of 
CT scanning is the difficulty in differentiating fluid from thick¬ 
ened pericardium. The most sensitive method for the diagnosis 
of acute pericarditis is delayed enhanced gadolinium uptake in 
the inflamed pericardium on CMR. Normally, the pericardium 
appears black because of a low water content; in patients with 
pericarditis, enhanced gadolinium uptake in the inflamed peri¬ 
cardium is delayed. CMR is also helpful in demonstrating con¬ 
comitant myocardial involvement in patients with myoperi- 
carditis [76,79]. 

Miscellaneous diseases of the pericardium 

Congenital absence of the pericardium 

Congenital defects of the pericardium are rare (1/100,000 autop¬ 
sies) and comprise partial left (70%), right (17%), or rarely total 
bilateral absence [80]. Most patients are asymptomatic but 30% 
of affected individuals have additional congenital abnormali¬ 
ties. The normal pericardium exerts a considerable influence 
on cardiac motion, provides stability of the heart in the chest, 
and limits dilation of the chambers. A shift of the heart to the 
left with right heart enlargement is common. Complete absence 
of the pericardium leads to enlargement of the right ventricle, 
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Figure 36.35 Cardiac MRI of absent 
pericardium includes unusual leftward and 
posterior shift of the heart and absence of a 
visible pericardium. On cine imaging, the 
ventricles are unusually mobile and the 
typically seen pericardial fluid (normally 
clearly visible during systole) is absent. 



excessive motion of the posterior left ventricular wall, paradoxi¬ 
cal motion of the interventricular septum, and a shift of the heart 
to the left, best seen in CMR (Figure 36.35). By echocardiogra¬ 
phy, this finding is best recognized when more of the right ven¬ 
tricle is seen on the left parasternal long-axis view by echocar¬ 
diography mimicking right ventricular volume overload [81]. 
Homolateral heart displacement and augmented heart mobility 
impose an increased risk of traumatic aortic dissection. Compli¬ 
cations of partial absence of the pericardium include herniation 
or cardiac chamber strangulation with the false appearance of 
wall motion abnormality. True wall motion abnormality is seen 
if a coronary artery is compressed. 

Pericardial cyst 

Pericardial cysts are rare, with an estimated incidence of 1 per 
100,000 in the general population [82]. These cysts may be 
unilocular or multilocular with a diameter ranging from 1 to 
5 cm [79]. Approximately 20 reported cases have presented 
before the age of 18 years [83]. Inflammatory cysts are caused by 
rheumatic pericarditis, tuberculosis, trauma, and surgery. Most 
patients are asymptomatic and cysts are detected incidentally 
Congenital pericardial cysts most often occur at the right atrial 
border and are difficult to detect with transthoracic echocardio¬ 
graphy [82]. They present as an echo-free space which is more 
localized (Figure 36.36; Video 36.5) and spherical than a pericar¬ 
dial effusion [84]. Additional imaging is often needed. Thoracic 
CMR (Figure 36.37) and contrast CT scanning are preferred 
methods to confirm a suspected diagnosis of pericardial cyst. 
On CT scan, pericardial cysts are thin-walled, sharply defined, 
oval homogeneous masses. Their attenuation is slightly higher 
than water density, 30-40 HU, and the cyst fails to enhance with 
intravenous contrast [85]. 



Figure 36.36 Echocardiography parasternal long-axis view of a 
pericardial cyst. 


Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 36.1 Apical 4-chamber view demonstrating markedly 
dilated left and right atria consistent with restrictive cardiomyopa¬ 
thy 

Video 36.2 Apical 4-chamber view demonstrating ventricular “sep¬ 
tal bounce” seen in association with constrictive pericarditis. 
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Video 36.3 Parasternal long-axis view demonstrating a moderate 
global pericardial effusion with the heart “swinging” in the fluid. 

Video 36.4 Parasternal short-axis view demonstrating a large peri¬ 
cardial effusion with the heart “swinging” in the fluid. 

Video 36.5 Parasternal long-axis view demonstrating multiple 
pericardial cysts seen along the anterior right ventricular wall. 
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Introduction 

A number of uncommon but important disorders that affect 
the left and right ventricular myocardium include (1) left 
ventricular noncompaction, (2) congenital left ventricular 
aneurysm and diverticulum, and (3) arrhythmogenic right 
ventricular cardiomyopathy/dysplasia. It is important that they 
be considered during echocardiographic evaluation of patients 
with ventricular dysfunction, arrhythmia, syncope, and/or 
thromboembolism. The echocardiographic findings may be 
subtle and easily missed if the examiner does not intentionally 
consider them in the differential diagnosis. 


Left ventricular noncompaction 
Definition 

Left ventricular noncompaction (LVNC) is a myocardial disor¬ 
der characterized by “spongy” myocardium with prominent tra¬ 
beculae, separated by deep intertrabecular recesses; it typically 
affects the left ventricular apex and mid ventricle [1]. The inter¬ 
trabecular recesses are lined with endothelium and communi¬ 
cate with the ventricular cavity, which distinguishes this fea¬ 
ture from myocardial sinusoids. Although this anomaly typically 
affects the left ventricle (LV), involvement of the right ventricle 
(RV) has also been described [2,3]. LVNC can occur as an iso¬ 
lated anomaly (iLVNC) or in association with other structural 
heart defects (nonisolated, or ni-LVNC) such as ventricular sep¬ 
tal defects and left or right ventricular outflow obstruction. 

Incidence 

The true incidence of LVNC is unknown, primarily as a result 
of inconsistent diagnostic criteria and nomenclature [4]. The 
diagnosis may be missed because of incomplete evaluation by 
echocardiography, or due to limited awareness of the patho¬ 
logic features of LVNC. Studies in adult populations suggest 


that LVNC is fairly rare, with a prevalence of 0.014% [5]; how¬ 
ever, these data may be confounded by technical imaging limi¬ 
tations in adult studies. A somewhat higher prevalence has been 
noted in pediatric populations, with a prospective study show¬ 
ing LVNC in 1.26% of all children referred for echocardiogra¬ 
phy at a single center over a 2 1 / 2 -y ear period [6]. LVNC has been 
identified as the third most frequent cause of cardiomyopathy 
in children, representing 5-9% of cardiomyopathies seen among 
various studies [2,7,7a]. 

Etiology 

LVNC is a genetically heterogeneous myopathy, occurring both 
sporadically and in familial forms. Many of the identified genetic 
mutations involve proteins in the common pathway that con¬ 
nects the extracellular matrix to the sarcolemma, sarcomere, 
and nuclear membrane. Isolated LVNC has been associated 
with mutations in the Xq28 region of the X chromosome, and 
specifically for the G4.5 gene encoding tafazzin in infants and 
children with X-linked familial LVNC. Mutations of this same 
locus are associated with Barth syndrome and other X-linked 
infantile cardiomyopathies [8,9]. A variety of mutations in the 
CYPHER/ZASP gene has been described in patients with iso¬ 
lated LVNC and in families with both dilated cardiomyopathy 
and LVNC [10]. Autosomal dominant familial LVNC in adult¬ 
hood has been mapped to a locus on chromosome llpl5[ll].In 
families with ni-LVNC associated with congenital heart disease, 
mutations in a-dystrobrevin and transcription factor NKX2.5 
have been demonstrated [12]. iLVNC has also been described in 
the phenotypic spectrum of lamin A/C mutations, which have 
been mapped to human chromosomes Iql2.1-q23 and 10. The 
laminopathies are responsible for a number of other diseases, 
including dilated cardiomyopathy, Emery-Dreifuss muscular 
dystrophy, and limb girdle muscular dystrophy [13,14]. Asso¬ 
ciations have been noted with a variety of other genetic condi¬ 
tions such as Roifman syndrome, MIDAS syndrome, Melnick- 
Needles syndrome, nail-patella syndrome, DiGeorge syndrome, 
and trisomy 13 [2,15-19]. 
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Developmental considerations 

During normal cardiac development, the ventricular 
myocardium begins as a spongy meshwork of myocardial 
fibers with inter trabecular recesses that communicate with 
the ventricular cavity. Compaction of the myocardium then 
progresses from epicardium towards endocardium and from 
base to apex, with vascular recesses becoming capillaries that 
eventually connect with the epicardial coronary artery system 
[20]. Arrest in this normal embryologic process of myocardial 
compaction is thought to be responsible for the findings in 
LVNC. This assumption is supported by the similarity in the 
appearance of the left ventricular myocardium in LVNC with 
that of embryonic myocardium, and by reports of prenatal 
diagnosis [21,22] and also symptomatic cases described in 
patients from infancy through adulthood. Countering this 
pathogenetic assumption are several documented cases in 
which LVNC was diagnosed but evidence of normal myocardial 
architecture had been demonstrated in previous echo studies 
[9,23]. It is possible, therefore, that the features of LVNC can 
be either a persistence of embryonic myocardial structure or a 
developmental pattern in a genetically impaired myocardium. 

Clinical manifestations 

The classic description of the clinical course in LVNC has 
included progressive heart failure, arrhythmia, and thromboem¬ 
bolism, with a poor long-term prognosis. The segments of the 
LV with noncompacted myocardium typically exhibit decreased 
systolic function as a result of hypoperfusion, ischemia, and 
fibrosis. These findings are confirmed by thallium imaging, 
positron emission tomography (PET) scanning and myocardial 
biopsy [3,24]. Impaired diastolic filling with restrictive physiol¬ 
ogy is also associated with hypertrabeculated myocardium [2]. 
Patients may present with clinical symptoms of heart failure dur¬ 
ing fetal life, infancy, childhood, or adult years. Although there 
can be some improvement in function with aggressive medi¬ 
cal management of heart failure, progression of the cardiomy- 
opathic process often leads to cardiac transplantation or death 
from heart failure, arrhythmia, or stroke. In a series of adult 
LVNC patients, the mortality rate was 47% over a 6-year follow¬ 
up period [25]. Based on a recent review of 155 cases of LVNC 
reported to the NHLBI pediatric cardiomyopathy registry, there 
was a combined endpoint of death or transplant of 33% for the 
entire group, with a much lower rate among those patients with¬ 
out ventricular dysfunction. Notably, 12% of patients with LVNC 
and normal ventricular function progressed to a cardiomyopa¬ 
thy phenotype within 2 years [7a]. 

The natural history of LVNC is further elucidated by the 
detection of asymptomatic cases during family or population 
screening studies. These more prospective investigations suggest 
that, at least in some patients, there may be a long preclinical 
phase with a much less dire natural history [3,26]. Electrocar¬ 
diographic abnormalities are frequently observed in patients 
with LVNC, and may include left and right bundle branch 
block, ST- and T-wave abnormalities, pathologic Q waves 


or poor R-wave progression, biventricular hypertrophy, and 
Wolff-Parkinson-White syndrome. Arrhythmias are a common 
feature, with atrial fibrillation, supraventricular tachycardia, and 
ventricular tachycardia noted on baseline electrocardiogram 
(ECG) or Holter monitor [2,25]. Sudden death from presumed 
ventricular arrhythmia is a recognized complication of LVNC, 
and aggressive management of ventricular arrhythmia with 
pharmacologic therapy or an implantable defibrillator is often 
warranted. Thrombus formation within the deep inter trabecular 
recesses and associated arrhythmia is a likely explanation for the 
frequent occurrence of thromboembolic events in these patients. 
Adult series have reported up to 24% of patients suffering from 
transient ischemic attack, stroke, or peripheral emboli [5]. 
Anticoagulation is recommended in patients with documented 
thromboembolic episodes or with thrombus visualized by 
echocardiography; antiplatelet agents are often recommended 
as a prophylactic measure at the time of initial diagnosis. 

Morphology 

The anatomic features of LVNC include multiple trabeculations 
affecting the apex and the inferior and lateral walls at the mid¬ 
ventricle, with deep intertrabecular recesses that communicate 
with the cavity of the LV and are lined with endocardial endothe¬ 
lium (Figure 37.1). The epicardial layer of the myocardium is 
thin and compact. There are often histologic areas of ischemia 
within the noncompacted endocardial layer, and subendocardial 
fibrosis and endocardial fibroelastosis have been described in 
autopsied hearts [5,27]. Electron microscopy has been inconsis¬ 
tent in findings related to myofiber and mitochondrial morphol¬ 
ogy. Trabeculation also affects the RV in less than 50% of cases, 



Figure 37.1 Pathologic specimen of left ventricular noncompaction. 
Explanted heart of a child with left ventricular noncompaction and severe 
left ventricular dysfunction. Note the dense trabeculations and deep 
recesses in lateral wall of the left ventricle (LV). The white arrows identify 
the demarcation between compact and noncompact myocardial layers. RV, 
right ventricle. 
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Figure 37.2 Apical 4-chamber view demonstrates right ventricular 
noncompaction. Prominent trabeculations (white arrows) fill the RV apex 
in this apical 4-chamber image. LA, left atrium; LV, left ventricle; RA, right 
atrium. 

but differentiation of pathologic from normal degrees of RV tra- 
beculation may be difficult (Figure 37.2). ni-LVNC occurs in 
association with ventricular septal defects (predominantly mus¬ 
cular), and with left or right ventricular outflow obstruction. 
Lesions affecting the left heart may include subaortic stenosis, 
valvar aortic stenosis, coarctation of the aorta, and hypoplas¬ 
tic left heart syndrome. Right heart obstruction may range from 
valvar pulmonary stenosis to pulmonary atresia and even tetral¬ 
ogy of Fallot [6]. LVNC has also been reported in association 
with heterotaxy syndrome particularly in the setting of complete 
heart block. 

Classification 

LVNC does not carry widespread recognition as a distinct form 
of cardiomyopathy. Whereas the American Heart Association 
defines it as a separate congenital cardiomyopathy, both the 
World Health Organization and the European Society of Cardi¬ 
ology consider it an unclassified cardiomyopathy [1,28,29]. This 
is based on multiple reasons, including heterogeneity in mor¬ 
phologic appearance, association with other forms of congenital 
heart disease, overlap with other forms of cardiomyopathy, range 
of clinical symptoms in patients with similar morphologic fea¬ 
tures, and genetic heterogeneity [30]. As more family and popu¬ 
lation screening studies have been reported, a larger number of 
asymptomatic individuals with LVNC have been identified [2]. 


Over the last 20 years, various authors have proposed 
imaging-based diagnostic criteria for LVNC [4,12,31,32]. Cri¬ 
teria have also been proposed for cardiac magnetic resonance 
(CMR) imaging [33]. More recently, investigators have ques¬ 
tioned the validity of these criteria. One study compared three 
proposed criteria against a cohort of patients with ventricu¬ 
lar dysfunction (n = 199) and a prospective cohort of normal 
controls (n = 60). They found that 24% of patients fulfilled 
one or more diagnostic criteria for LVNC. In that subgroup of 
69 patients, only 30% fulfilled all three diagnostic criteria. Lur- 
thermore, there were racial differences in the degree of noncom¬ 
paction, with a higher prevalence in normal black subjects. This 
suggests that the criteria are neither sensitive nor specific for 
the diagnosis of LVNC [34]. Lurthermore, the measurements 
are poorly reproducible and not predictive of heart transplan¬ 
tation or death. Given a lack of consensus regarding these cri¬ 
teria, we propose that imaging should be focused on evaluat¬ 
ing for the morphologic appearance of LVNC. The diagnosis of 
LVNC cardiomyopathy should incorporate not only these mor¬ 
phologic findings, but also any associated features of cardiomy¬ 
opathy (e.g., features of restrictive, hypertrophic, or dilated car¬ 
diomyopathy). 

Imaging 

Key elements* 

• Ventricular long- and short-axis imaging in the subxiphoid, 
apical, and parasternal views to determine the presence and 
location of myocardial trabeculations. 

• Evaluation of the morphology of the papillary muscles, which 
are less differentiated in LVNC. 

• Assessment of segmental and global ventricular systolic 
function. 

• Verification of communication of the intertrabecular recesses 
with the ventricular blood pool by color Doppler or contrast 
(Video 37.1). 

• Measurement of the diastolic transmitral flows and tissue 
Doppler annular velocities to assess diastolic function. 

• Evaluation for associated structural heart disease. 

• Evaluation of the recesses for thrombus formation. 
Echocardiography is the first-line imaging modality used in the 
diagnosis of LVNC. The characteristics of LVNC are readily 
seen using 2D and color flow mapping. The hallmark feature 
is prominent trabeculations, typically along the lateral and api¬ 
cal walls of the LV (Ligure 37.3). In LVNC, the noncompact, or 
trabeculated, inner layer is thicker than the compact layer. The 
trabeculations are more easily seen during diastole, whereas the 
two-layer appearance of the myocardium is better seen in systole 
[31]. Both contrast echocardiography and CMR can help define 
the continuity of the left ventricular cavity with the trabecu¬ 
lar spaces, particularly when the quality of standard imaging is 
limited [33,36]. 


*Note the lack of consensus regarding strict diagnostic criteria for LVNC. 
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Figure 37.3 (a) Subxiphoid image in 2D of an 
infant with valvar aortic stenosis and left 
ventricular noncompaction. Deep 
intertrabecular recesses are seen, (b) Same 
image with color Doppler shows the color 
(blood flow) entering multiple small recesses 
within the LV cavity. 


Speckle tracking is a novel marker that may help to distinguish 
LVNC from dilated cardiomyopathy. In a group of 10 patients 
with isolated LVNC, a solid body twist (or absent rotation) of 
the heart was found during systole, in contrast to an opposing 
twist direction from base to apex in those patients with nor¬ 
mal hearts or in those with dilated cardiomyopathy [37]. How¬ 
ever, speckle tracking has not gained widespread use because 
of limited reproducibility. Several imaging-based risk factors for 
adverse clinical outcome in LVNC have been proposed, includ¬ 
ing (1) ratio of noncompact to compact layers, (2) number of 
affected segments, (3) LV end-diastolic dimension, (4) abnor¬ 
mal echocardiographic lateral mitral annular early diastolic tis¬ 
sue Doppler velocity (E < 7.8 cm/s), and (5) ventricular dysfunc¬ 
tion [5,35,38-42]. 

We propose that the most appropriate assessment of LVNC 
includes (1) two-layer appearance of the myocardium with a 
thin compact layer and thick non-compact layer, (2) increased 
number of trabeculations favoring the lateral wall and apex of 
the LV, (3) trabeculations that move synchronously with the 
myocardium, (4) perfusion of the intertrabecular recesses, and 
(5) abnormal ventricular function [4,12,31,32]. The diagnosis of 
LVNC cardiomyopathy should be made clinically by incorporat¬ 
ing imaging features and other clinical parameters, such as the 
presence of heart failure and/or arrhythmias. 

Prenatal assessment 

Prenatal diagnosis of LVNC has been described [43]. Reported 
cases have involved ventricular dysfunction and right ventric¬ 
ular noncompaction [22]. A limitation of prenatal diagnosis is 
the difficulty in obtaining adequately high spatial resolution 
to detect trabeculations (Figure 37.4; Video 37.2). In the fetus 
with LVNC, there is a strong association with congenital heart 
disease, complete heart block, chromosomal/noncardiac abnor¬ 
malities, and overall poor prognosis [43,44]. If ventricular func¬ 


tion is poor, hydrops fetalis may develop. Color Doppler can be 
helpful to assess for flow within the trabecular recesses. 

Congenital left ventricular aneurysm 
and diverticulum 

Definition 

Congenital LV aneurysms and diverticula have historically been 
mentioned interchangeably in discussion of protrusions from 
the LV cavity lacking any other etiologic explanation. As dis¬ 
cussed by Van Praagh and colleagues [45], the two are distinct 
entities, beginning with the origin of their names: aneurysm is 
derived from the Greek root eurys , meaning “wide,” whereas 
diverticulum is from the Latin word deverticulum , meaning a 
“byroad” with the connotation of a narrow, meandering path¬ 
way. LV aneurysms are characterized as protrusions from the 
myocardium with a wide mouth and consisting of thinned or 
abnormal myocardium or fibrous tissue. LV diverticula have a 
narrow communication with the functional ventricle and are 
composed of endocardium, myocardium, and epicardium [46]. 
Congenital LV aneurysms can have varying degrees of localized 
wall motion abnormality, whereas diverticula typically have nor¬ 
mal contractile function [47]. Diverticula of the RV have also 
been reported, arising either from the conal region, the base, or 
the apex [48-50]. 

Incidence 

Congenital LV aneurysm and diverticulum are both rare anoma¬ 
lies, mostly described in case reports and small case series. A 
frequency of 0.12% was reported for congenital LV aneurysm 
from a large cardiac pathology registry [39]. LV divertic¬ 
ulum was noted in 0.4% of an autopsy series of cardiac 
deaths and in 0.26% of nonselected patients undergoing cardiac 
catheterization [46,51 ]. 
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Figure 37.4 Multiple images of fetal left 
ventricular noncompaction, (a) Fetal 
4-chamber view at 30 weeks’ gestation 
demonstrates thickening of the left 
ventricular wall (black arrows), and increased 
trabeculations in the right ventricular apex 
(white asterisks), (b) Apical 4-chamber view 
of the postnatal echocardiogram in the same 
patient demonstrates features of 
noncompaction in the right ventricle (RV) 
and left ventricle (LV). Note the deep 
trabecular recesses of the left ventricular 
apical, lateral, and septal walls with relative 
sparing of the basal myocardium, (c) 
Parasternal short-axis view in the same 
patient in diastole shows the increased 
thickness of noncompact (white arrow) to 
compact myocardium (black arrow), with 
increased trabeculations in the RV. (d) 
Parasternal short-axis view in the same 
patient in systole demonstrates that the LV 
myocardium has a two-layered appearance. 
LA, left atrium; RA, right atrium. 



Etiology 

Congenital LV aneurysms and diverticula are both presumed 
to be idiopathic developmental abnormalities of the endomy- 
ocardium [39]. They are not associated with abnormalities of 
the coronary arteries or coronary insufficiency, and should be 
distinguished from aneurysms or pseudoaneurysms caused by 
ischemic, infective, or traumatic processes. A particular sub- 
type of LV aneurysm, the submitral aneurysm, seen most often 
in patients from sub-Saharan Africa, is thought to result from 
a congenital deficiency in the fusion of myocardium with the 
cardiac fibrous skeleton (Figure 37.5; Video 37.3) [52]. Both 
aneurysms and diverticula have been described in utero, some 
resulting in fetal demise [53], and they occur in children and 
adults either as incidental findings or associated with clinical 
symptoms of arrhythmia, heart failure, mitral insufficiency, or 
thromboembolism. There is one report of the occurrence of LV 
diverticulum in siblings [54], but no genetic markers have yet 
been described. Apical LV diverticula occur in patients with pen¬ 
talogy of Cantrell syndrome, a defect in the ventral mesoderm 
that results in abnormalities of the abdominal wall, sternum, 
anterior diaphragm, pericardium, and intracardiac anatomy 
(Figure 37.6; Video 37.4). It has been postulated that the diver¬ 


ticulum in this syndrome may be caused by an abnormal attach¬ 
ment of the heart tube to the yolk sac, causing the myocardium 
to be drawn out as the yolk sac recedes [55]. 

Clinical manifestations 

Small aneurysms and diverticula are usually asymptomatic and 
found incidentally by echocardiography or angiography. Larger 
abnormalities may present as a deformity of the cardiac silhou¬ 
ette on chest X-ray Systolic clicks or murmurs on auscultation 
have been described in patients with aneurysms and diverticula 
due to expansion of the lesion in systole or because of flow across 
the narrow diverticular neck. Mitral regurgitation may be the 
initial clinical feature in patients with submitral aneurysms or 
basilar congenital aneurysms that undermine the mitral support 
apparatus. Coronary compression with changes of ischemia or 
infarction has been reported with large aneurysms in the region 
of the left anterior descending or circumflex coronary arteries 
[46,56]. The ECG is frequently abnormal in patients with diver¬ 
ticula or other forms of congenital aneurysm, and includes find¬ 
ings of premature ventricular contractions, ventricular tachycar¬ 
dia, left axis deviation, and left bundle branch block [57]. The 
natural history of these disorders is variable. 
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Figure 37.5 2D echocardiogram of a Bantu 
submitral aneurysm in a 44-year-old Nigerian 
male, (a) Parasternal short-axis view 
demonstrates the septated sonolucent areas in 
the posterior and inferior mitral annular 
region of the left ventricle (LV) (white 
asterisks), (b) Posteriorly angulated 
4-chamber view in the same patient shows 
the submitral aneurysm (white asterisk) just 
inferior to the coronary sinus. RA, right 
atrium, RV, right ventricle. 


Prenatal presentation of diverticula or aneurysms is variable. 
Some fetuses have had fetal or perinatal death from heart fail¬ 
ure with hydrops, or from leaking and rupture of the aneurysm 
or diverticulum, presaged by fetal pericardial effusion. In other 
prenatal cases, the size of the diverticulum remains unchanged 
or decreases with growth of the surrounding myocardium. LV 
aneurysms may also continue to expand during gestation, with 
outcome related to the volume of the aneurysm relative to the 
ventricular cavity [39,58,59]. Postnatally, patients may present 
with symptoms related to arrhythmia or thromboembolism. 
Rupture of a thin-walled aneurysm or a high-pressure divertic¬ 


ulum can also result in tamponade and sudden death. Alterna¬ 
tively, some patients remain asymptomatic with no change in 
the size of the abnormal chamber over long-term follow-up [60]. 
In one case series of 26 patients with aneurysms or diverticula, 
38% of patients had symptoms consisting of syncope, ventricu¬ 
lar tachycardia, or heart failure. Larger aneurysm size is associ¬ 
ated with larger LV end-diastolic volume and decreased ejection 
fraction. Apical aneurysms tend to be larger and are more com¬ 
monly associated with symptoms, need for defibrillator place¬ 
ment, and surgical resection [47]. Management of these rare 
anomalies must be individualized depending on the size and 



Figure 37.6 Multimodality imaging of congenital left ventricular diverticulum in the setting of pentalogy of Cantrell. Associated findings in this patient 
were tricuspid atresia, ectopia cordis, omphalocele, and sternal cleft, (a) CMR imaging shows the apex of the left ventricular (LV) cavity protruding from 
the thoracic cavity, (b) Cine SSFP imaging in the sagittal plane also shows protrusion of the LV from the thoracic cavity (thoracic cavity marked with white 
arrow) along with the abdominal contents (including the liver). The thin-walled LV diverticulum is denoted by white arrowheads, (c) Cine SSFP imaging 
in 4-chamber view demonstrates the anatomic abnormality of tricuspid atresia with ventricular septal defect and the LV diverticulum protruding from the 
thoracic cavity, (d) Fetal echocardiogram in 4-chamber view [equivalent view to (c)] also demonstrates tricuspid atresia with ventricular septal defect and 
LV diverticulum. LA, left atrium. 
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location of the defect and associated symptoms. Successful sur¬ 
gical repair with simple excision or modified Dor procedure has 
been reported [47,61,62]. Anticoagulation to prevent embolic 
complications should be considered if surgical resection is not 
feasible. 

Morphology 

Congenital ventricular aneurysms are wide-mouthed protru¬ 
sions from the ventricle with varying degrees of wall motion 
abnormality (Figure 37.7; Video 37.5). The aneurysm consists 
of thinned or dysplastic myocardium and fibrous tissue [39]. 
Whereas aneurysms are seen most often at the LV apex, they 


may involve the LV free wall, the septum, or the submitral and 
subaortic annular regions. Subannular aneurysms may have one 
or more smaller entry sites from the LV around the mitral and 
aortic annuli. The extent of the aneurysm and its involvement 
of mitral supporting structures influences the degree of clinical 
symptoms. 

Ventricular diverticula classically have a narrow orifice from 
the ventricle, are composed of endocardium, myocardium, and 
epicardium, and demonstrate intrinsic contractility. They may 
occur as single or multiple small protrusions from the left or 
right ventricle, or as a large meandering channel extending 
through a sternal or abdominal wall defect in patients with 


Figure 37.7 Multimodality imaging of a 
congenital aneurysm of the ventricular 
septum in a 19-year-old female with 
palpitations and frequent premature 
ventricular contractions, (a) Parasternal 
short-axis view demonstrates the aneurysm 
in the posterior portion of the ventricular 
septum in diastole (white asterisk), (b) In 
systole, the abnormal movement of the 
aneurysmal portion of the septum is seen, (c) 
Apical 4-chamber view in the same patient 
demonstrates the extent of the aneurysm with 
the wide neck noted and several septations 
(white asterisk), (d) Color Doppler imaging 
in the same patient in apical 4-chamber view 
demonstrates diastolic flow into the 
aneurysm, (e, f) CMR using cine SSFP 
imaging in the 4-chamber (e) and short-axis 
(f) views also shows the septal aneurysm. 

The wall of the aneurysm is thin walled and 
the LV appears dilated. LV, left ventricle. 




726 Part VI Anomalies of Ventricular Myocardium 



Figure 37.8 Multimodality imaging of a 
congenital left ventricular (LV) diverticulum 
in an infant with omphalocele and pulsatile 
mass over the abdomen. The heart was 
otherwise structurally normal, (a) Apical 
4-chamber view with color Doppler in 
diastole demonstrates a long, finger-like 
protrusion from the apex of the LV with good 
contractility, (b) In systole, color flow is seen 
going in the opposite direction, (c) CMR in a 
sagittal plane demonstrates the abdominal 
wall defect (white arrows), (d) CMR 
angiography confirms a narrow appearance 
and long length of the diverticulum. 


omphalocele or Pentalogy of Cantrell syndrome (Figure 37.8; 

Video 37.6) [55]. 

Imaging 

Key elements 

• Detection of distortion, deformity, or protrusion of ventricu¬ 
lar cavities or subannular regions by 2D and if possible by 3D 
echocardiography (Figure 37.9; Video 37.7). 

• Determination of the size of the communication between the 
cardiac chamber and the aneurysm or diverticulum. 

• Assessment of the wall of the aneurysm or diverticulum for 
myocardial thickness and contractility 

• Evaluation of the aneurysm or diverticulum for the presence 
of thrombus. 

• Quantification of global ventricular function. 

• Investigation for associated structural cardiac anomalies and 
valvar function. 


In children and adults, 2D echocardiography can detect 
outpouching of the ventricular cavity at the apex, from the LV 
free wall, the submitral region, or rarely from the RV free wall. 
Because imaging cannot evaluate for the histologic difference 
between aneurysm and diverticulum, the width of the neck 
of the anomaly is the main differentiating echocardiographic 
feature. Wall motion abnormalities are more common, but not 
the rule, in congenital aneurysms. Submitral and subaortic 
aneurysms will appear as spaces in the vicinity of the mitral 
annulus or intervalvar fibrosa that communicates with the 
ventricular cavity Mitral and aortic regurgitation will be 
present when there is significant undermining of the valvar 
support or perforation of the aneurysmal space into the left 
atrium (Video 37.8). Segmental LV function should be assessed 
if coronary compromise is suspected from the location of 
the aneurysm. Thrombus may be present in the aneurysm or 
diverticulum. Contrast echocardiography may be helpful to 
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Figure 37.9 Multiple images of a congenital aneurysm of the left ventricular (LV) free wall, (a) In the parasternal short-axis view, the aneurysm has a 
broad base (white arrows) with several intervening trabeculations. (b) In systole, the aneurysm has good contractility (c) 3D echocardiography confirms 
the presence of the aneurysm, (d) In the apical 4-chamber view, the aneurysm involves the mid-apical lateral wall of the left ventricle, (e) In the same view 
with color Doppler imaging, a broad diastolic flow jet is seen into the mouth of the aneurysm (white arrows). 


define further the extent of the aneurysm or to demonstrate 
better the extra-cardiac extent of a diverticulum. This technique 
also permits differentiation of pooled blood from thrombus 
within the aneurysm (Figure 37.10) [63]. When defects in the 
anterior abdominal wall are present, LV diverticula should be 
sought in addition to structural cardiac anomalies including 
dextrocardia, atrial septal defect, ventricular septal defect, and 
tetralogy of Fallot. Other defects have also been described in 
this complex anomaly [50]. 

Prenatal Assessment 

Left ventricular aneurysm or diverticulum should be consid¬ 
ered in the prenatal assessment of cardiomegaly, fetal hydrops, 
arrhythmia, and pericardial effusion, and also in the complete 
evaluation of fetuses with midline thoraco-abdominal defects. 
Sizable aneurysms are easily detected during fetal echocardio¬ 
graphy as distortions of the normal ventricular contour (Fig¬ 
ure 37.11; Video 37.9). Attention should be directed to the width 
of the connection to the chamber of origin, the presence of con¬ 
tractility or expansion of the aneurysmal region, and the pres¬ 


ence of thrombus within the abnormal segment. Diverticula may 
be more elusive, but investigation of the apical and submitral 
areas for irregular sonolucent regions may lead to the diagnosis. 
In some cases of large diverticula, hydrops fetalis maybe present. 

Postoperative assessment 

Evaluation following repair of congenital aneurysm or diver¬ 
ticulum should include assessment of the effectiveness of the 
resection or exclusion method. Global and segmental ventricu¬ 
lar function and mitral valve competence should be documented 
and followed over time. Patients with repair of associated struc¬ 
tural congenital defects should be evaluated postoperatively as is 
lesion appropriate and discussed in other sections of the text. 

Arrhythmogenic right ventricular 
cardiomyopathy/dysplasia 

Definition 

Arrhythmogenic right ventricular cardiomyopathy/dysplasia 
(ARVC/D) is an uncommon disorder classified as a primary 
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Figure 37.10 (a) Apical 4-chamber view 
demonstrating an apical aneurysm with 
thrombus (white arrowheads) in a 32-year-old 
female, (b) Image of the same patient with 
contrast opacification of the left ventricle (LV). 
Note that the apical aneurysm has a filling 
defect corresponding to the thrombus (black 
arrowheads). LV, left ventricle. 



Figure 37.11 Fetal echocardiogram at 
26 weeks’ gestation demonstrates a congenital 
aneurysm arising from the basal lateral wall of 
the left ventricle (LV). (a) Short-axis view in 
diastole shows the large aneurysm (white 
asterisk), (b) Short-axis view in systole 
demonstrates poor contraction of the 
aneurysm, (c) 4-chamber view of the same 
fetus demonstrates that the aneurysm has a 
broad connection to the LV (white asterisk). 

(d) In an oblique short-axis view, diastolic flow 
jets pass into the mouth of the aneurysm 
(white arrows). 
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genetic cardiomyopathy [1]. It predominantly affects the RV and 
is characterized by fibrofatty replacement of myocardium lead¬ 
ing to progressive myocardial dysfunction and potentially lethal 
ventricular arrhythmias. The diagnostic criteria were modified 
in 2010 to improve diagnostic sensitivity [64] (Table 37.1). These 
Task Force Criteria employ a series of major and minor criteria, 
which include structural and functional changes of the RV, elec¬ 
trocardiographic abnormalities and arrhythmia, family history, 
and tissue characterization of the myocardium by biopsy. 

Incidence 

Reports of the clinical description of ARVC/D appeared in the 
early 1980s, and since then the disorder has been recognized in 
Europe, Asia and the United States, with a prevalence of about 1 
in 5000 persons [65-67]. The majority of cases manifest clinical 
symptoms between the ages of 15 and 40 years, with a male pre¬ 
ponderance. ARVC/D is found in up to 20% of patients present¬ 
ing with sudden death, and is a well-recognized cause of sudden 
death in young athletes [68,69]. 

Etiology 

A familial occurrence of ARVC/D is reported, characterized by 
an autosomal dominant pattern of inheritance with incomplete 
penetrance, and accounting for about 30% of cases. Genetic 
studies have identified ARVC/D to be a genetically heteroge¬ 
neous disorder of desmosomal dysfunction, with mutations 
discovered in genes encoding desmoplakin, plakophilin-2, 
plakoglobin, desmoglein-2, desmocollin-2, the cardiac ryan¬ 
odine receptor RyR2, TMEM43, and regulatory sequences of 
transforming growth factor-P (TGF-P) [1,70-72]. ARVC/D 
has also been described in association with Naxos disease 
(palmoplantar keratoderma and woolly hair) and with Carvajal 
syndrome, both of which demonstrate autosomal recessive 
modes of inheritance [73]. Some sporadic cases of ARVC/D 
are isolated genetic mutations, but an association with infection 
by cardiotropic viral agents has also been reported, including 
coxsackievirus B3, enterovirus and adenovirus. The significance 
of this association is uncertain. It has been speculated that the 
disruption in myocardial function caused by ARVC/D may 
increase susceptibility to viral infection. Alternatively, the 
consequences of myocardial infection and inflammation may 
result in disruption of myocardial cellular junctions and ion 
channels, which leads to the clinical signs of ARVC/D [74]. 

Morphology 

The hallmark of ARVC/D is fibrofatty replacement of myocar¬ 
dial cells in the RV. This abnormality results in thinning, local¬ 
ized aneurysmal bulging, and eventually RV dilation with global 
dysfunction. Specific areas of involvement of the RV are com¬ 
monly seen and have been termed the “triangle of dysplasia” 
[66]: (1) the anterior infundibulum, (2) the RV apex, and (3) the 
inferior or diaphragmatic aspect of the RV. LV involvement also 
occurs and may be more frequent than previously recognized. 
When assessed by sensitive techniques such as CMR, 84% of 


patients with ARVC/D have been found to have evidence of LV 
involvement, including LV enlargement, decreased LV ejection 
fraction, LV intramyocardial fat, LV wall motion abnormalities, 
or late enhancement in a nonischemic pattern [71]. Microscopic 
study of the bundle of His and its branches has shown fibrous 
and fibrofatty infiltration in 68% of a series of ARVC/D patients 
with sudden death [69]. 

Clinical manifestations 

Although ARVC/D classically makes its clinical appearance dur¬ 
ing adolescence and young adulthood, it has been identified 
both in utero and in a few case reports of younger children with 
ventricular tachycardia and evidence of RV and LV involvement 
with fibrofatty replacement [65,75,76]. The gradual appearance 
of clinical symptoms over a period of years may be attributed to a 
slow disruption of the myocardium, which is inherently flawed 
in its cellular structure. The added stress of vigorous exercise, 
particularly on the thinner-walled RV, may account for an ear¬ 
lier appearance of symptoms in individuals with ARVC/D who 
perform regular intensive sporting activities [77]. 

Patients with ARVC/D most commonly present with syn¬ 
cope, palpitations, or sudden death or near-death. ECG findings 
include frequent premature ventricular contractions, epsilon 
waves, inverted T-waves, prolongation of the QRS, and delayed 
S-wave upstroke in the right precordial leads. Ventricular tachy¬ 
cardia with left bundle branch morphology may be detected on 
Holter monitoring or exercise testing, and is often the proxi¬ 
mate cause of sudden death. With progressive involvement of 
the RV myocardium, dysfunction may occur with signs of right 
heart failure. LV involvement with biventricular failure is a poor 
prognostic sign. The natural history reported for patients with 
symptomatic ARVC/D from a European population includes a 
high mortality from sudden death and progressive heart failure 
[78]. However, studies from populations including symptomatic 
probands and asymptomatic patients detected by family screen¬ 
ing show a much more favorable long-term outcome with med¬ 
ical therapy and implantable cardiac defibrillator treatment for 
those at high risk for sudden death [79]. 

Imaging 

Key elements* 

• Assessment for RV wall aneurysms, global and regional 
dysfunction*. 

• Measurement of the fractional area change of the RV by con¬ 
touring the RV area in the apical 4-chamber view in diastole 
and systole*: 

fractional area change (%) = 

[(RV area diastole - RV area systole)/RV area diastole] X 100. 

• Measurement of the dimension of the RV outflow tract at end- 
diastole*: 

° Parasternal long-axis view. 

° Parasternal short-axis view. 
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Table 37.1 2010 Revised Task Force Criteria for Diagnosis of Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy. 


I. Global and/or regional dysfunction and structural alterations 

Major: 

By 2D echo: 

■ Regional RV akinesia, dyskinesia, or aneurysm 

■ and 1 of the following (end diastole): 

• PLAX RVOT >32 mm (corrected for body size [PLAX/BSA] >19 mm/m 2 ) 

• PSAX RVOT >36 mm (corrected for body size [PSAX/BSA] >21 mm/m 2 ) 

• or fractional area change <33% 

By MRI: 

■ Regional RV akinesia or dyskinesia or dyssynchronous RV contraction 

■ and 1 of the following: 

• Ratio of RV end-diastolic volume to BSA >110 mlVm 2 (male) or >100 mlVm 2 (female) 

• or RV ejection fraction <40% 

By RV angiography: 

■ Regional RV akinesia, dyskinesia, or aneurysm 
Minor: 

By 2D echo: 

■ Regional RV akinesia or dyskinesia 

■ and 1 of the following (end diastole): 

• PLAX RVOT >29 to <32 mm (corrected for body size [PLAX/BSA] >16 to <19 mm/m 2 ) 

• PSAX RVOT >32 to <36 mm (corrected for body size [PSAX/BSA] >18 to <21 mm/m 2 ) 

• or fractional area change >33% to <40% 

By MRI: 

■ Regional RV akinesia or dyskinesia or dyssynchronous RV contraction 

■ and 1 of the following: 

• Ratio of RV end-diastolic volume to BSA >100 to <110 mlVm 2 (male) or >90 to <100 mlVm 2 (female) 

• or RV ejection fraction >40% to <45% 

II. Tissue characterization of wall 

Major: 

■ Residual myocytes <60% by morphometric analysis (or <50% if estimated), with fibrous replacement of the RV free wall myocardium in >1 sample, 
with or without fatty replacement of tissue on endomyocardial biopsy 

Minor: 

■ Residual myocytes 60-75% by morphometric analysis (or 50-65% if estimated), with fibrous replacement of the RV free wall myocardium in >1 
sample, with or without fatty replacement of tissue on endomyocardial biopsy 

III. Repolarization abnormalities 

Major: 

■ Inverted T waves in right precordial leads (VI, V2, and V3) or beyond in individuals >14 years of age (in the absence of complete right bundle branch 
block QRS >120 ms) 

Minor: 

■ Inverted T waves in leads VI and V2 in individuals >14 years of age (in the absence of complete right bundle branch block) or in V4, V5, or V6 

■ Inverted T waves in leads VI, V2, V3, and V4 in individuals >14 years of age in the presence of complete right bundle branch block 

IV. Depolarization/conduction abnormalities 

Major: 

■ Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of the T wave) in the right precordial leads (VI to V3) 

Minor: 

■ Late potentials by SAECG in >1 of 3 parameters in the absence of a QRS duration of >110 ms on the standard ECG 

■ Filtered QRS duration (fQRS) >114 ms 

■ Duration of terminal QRS <40 pV (low-amplitude signal duration) >38 ms 

■ Root-mean-square voltage of terminal 40 ms <20 pV 

■ Terminal activation duration of QRS >55 ms measured from the nadir of the S wave to the end of the QRS, including R', in VI, V2, or V3, in the 
absence of complete right bundle branch block 

V. Arrhythmias 

Major: 

■ Nonsustained or sustained ventricular tachycardia of left bundle branch morphology with superior axis (negative or indeterminate QRS in leads II, III, 
and aVF and positive in lead aVL) 
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Table 37.1 ( Continued) 


Minor: 

■ Nonsustained or sustained ventricular tachycardia of RV outflow configuration, left bundle branch block morphology with inferior axis (positive QRS in 
leads II, III, and aVF and negative in lead aVL) or of unknown axis 

■ >500 ventricular extrasystoles per 24 h (Holter) 

VI. Family history 

Major: 

■ ARVC/D confirmed in a first-degree relative who meets current Task Force criteria 

■ ARVC/D confirmed pathologically at autopsy or surgery in a first-degree relative 

■ Identification of a pathogenic mutation a categorized as associated or probably associated with ARVC/D in the patient under evaluation 
Minor: 

■ History of ARVC/D in a first-degree relative in whom it is not possible or practical to determine whether the family member meets current Task Force 
criteria 

■ Premature sudden death (<35 years of age) due to suspected ARVC/D in a first-degree relative 

■ ARVC/D confirmed pathologically or by current Task Force Criteria in second-degree relative 


PLAX, parasternal long-axis view; RVOT, RV outflow tract; BSA, body surface area; PSAX, parasternal short-axis view; aVF, augmented voltage unipolar left 
foot lead; aVL, augmented voltage unipolar left arm lead; SAECG, signal averaged electrocardiogram. 

Criteria for diagnosis of arrhythmogenic right ventricular dysplasia: definite diagnosis: 2 major or 1 major and 2 minor criteria or 4 minor from different 
categories; borderline: 1 major and 1 minor or 3 minor criteria from different categories; possible: 1 major or 2 minor criteria from different categories. 
a A pathogenic mutation is a DNA alteration associated with ARVC/D that alters or is expected to alter the encoded protein, is unobserved or rare in a large 
non-ARVC/D control population, and either alters or is predicted to alter the structure or function of the protein or has demonstrated linkage to the disease 
phenotype in a conclusive pedigree. 

Source: Marcus et al. 2010 [64], Reproduced with permission of Oxford University Press. 


• Assessment of LV size, global and regional function. 

• Tricuspid annular plane systolic excursion (TAPSE). 

• Myocardial performance index (MPI). 

• Refer to the echocardiographic criteria in the 2010 Revised Task 
Force Criteria for diagnosis of arrhythmogenic right ventricular 
cardiomyopathy/dysplasia (Table 37.1) [64]. 

Although an uncommon disorder, ARVC/D should be con¬ 
sidered in the differential diagnosis of all children, adoles¬ 
cents, and adults presenting with syncope or palpitations. The 
2D echocardiographic study should focus carefully on RV wall 
thickness and segmental and global RV function (Figure 37.12; 
Videos 37.10 and 37.11). RV wall definition is often limited 
in standard 2D echocardiographic studies, and the examiner 
should intentionally focus on the RV outflow tract thickness and 
contractility, the subtricuspid annular region of the RV lateral 
wall, the inferior RV wall in short-axis views, and the apex. Subx- 
iphoid views often provide optimal resolution of the subannular 
and diaphragmatic surface of the RV, whereas the best imaging 
of the lateral wall and apex may require off-axis apical views. It 
may be helpful to employ a high-frequency probe specifically to 
scan the RV free wall and apical myocardium. 

Morphologic abnormalities that have been described in 
echocardiographic study of patients with ARVC/D include tra¬ 
becular disarray of the RV, hyperreflectivity of the modera¬ 
tor band, and areas of focal RV wall thinning with saccular 
aneurysms (Figure 37.13; Video 37.12) [80,81]. Assessment of 
RV size and function is an important aspect of the evaluation of 
patients for ARVC/D. In a review of echocardiograms of patients 
from a multicenter registry for ARVC/D, the most common and 


readily quantified abnormality was dilation of the RV outflow 
tract, which was present in all patients who met Task Force cri¬ 
teria. An RVOT dimension of >30 mm for adult subjects, mea¬ 
sured in diastole in the parasternal long-axis view, was a strong 
indicator of RV enlargement. Dimensional measurements of the 
RV sinus may also be abnormal; but because of the segmen¬ 
tal nature of the myocardial process, dilation of the RV body is 
often a late feature in the course of the disease, and accompanies 
global RV dysfunction. Methods to quantify RV systolic function 
by echocardiography have traditionally been problematic. How¬ 
ever, RV fractional area change (FAC) from the 4-chamber view, 
myocardial performance index (MPI), and tricuspid annular tis¬ 
sue Doppler imaging (TDI) measurements have all been used as 
measures of RV dysfunction in patients with ARVC/D [80,82]. 
In the multicenter registry study, an RV FAC >32% was con¬ 
sidered normal RV function, FAC 27-32% was mildly impaired, 
and FAC <27% was severely impaired [80]. TDI and 2D strain 
deformation and strain rate may improve diagnostic sensitiv¬ 
ity [83]. Of note, lower tricuspid annular plane systolic excur¬ 
sion (TAPSE) has also been found in the asymptomatic gene 
carriers [83]. 

CMR imaging is often recommended for patients with sus¬ 
pected ARVC/D for quantification of RV volume and segmental 
and global function, and for the ability to detect fatty replace¬ 
ment [84]. Contrast echocardiography may play a role in facili¬ 
tating the definition of RV myocardial borders and chamber size, 
and assisting in the detection of regional wall motion abnormali¬ 
ties. One report has suggested that this technique can also detect 
altered areas of perfusion in regions where fatty replacement of 
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Figure 37.12 Multimodality imaging of arrhythmogenic right ventricular cardiomyopathy/dysplasia, (a) Parasternal short-axis view in a 16-year-old male 
with lightheadedness on exertion and ventricular tachycardia on exercise testing demonstrates right ventricular (RV) enlargement, (b) TDI of the RV free 
wall shows diminished tricuspid annular tissue Doppler velocities, (c) Parasternal short-axis view (in diastole) in the father of the previous patient 
demonstrates marked dilatation of the RV cavity. There is echobrightness within the posterior RV (white arrow) which represents a pacing wire, (d) 
Parasternal short-axis view (in systole) in the father demonstrates an aneurysm of the anterior RV free wall (white asterisk), (e) CMR imaging of the father 
demonstrates fatty infiltration of the RV free wall (white arrowheads), (f) CMR T1-weighted imaging with fat suppression highlights the dark region of 
fatty infiltration (white arrowheads). Both father and son have a plakophilin 2 mutation. RA, right atrium; LV, left ventricle. 


myocardium has occurred [85,86]. Left ventricular chamber size 
and function should be measured, as LV involvement does occur 
with ARVC/D. Rarely, regions of thinning and segmental dys¬ 
function may also be found in the LV. 


Prenatal assessment 

ARVC/D is extremely rare in the fetus, infant, and young child. 
One case of fetal ARVC/D has been reported in the litera¬ 
ture. At 24 weeks gestation, the fetus had an RV aneurysm and 



Figure 37.13 (a) Subxiphoid image in a 
patient with arrhythmogenic right 
ventricular cardiomyopathy/dysplasia 
demonstrates thinning and aneurysmal 
deformation of the right ventricular (RV) free 
wall (white asterisks), (b) Apical 4-chamber 
in a different patient with arrhythmogenic 
right ventricular cardiomyopathy/dysplasia 
shows prominent RV trabeculations in a 
distorted pattern (white arrowhead). Ao, 
aorta; LV, left ventricle. 
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ventricular dysfunction. After pregnancy termination at 27 
weeks gestation, pathology confirmed adipocytes interspersed 
with myocardial fibers, and no evidence of inflammation [76]. 


Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 37.1 Neonatal left ventricular noncompaction. Subxiphoid 
view in color compare mode in an infant with valvar aortic stenosis 
and left ventricular noncompaction. Note the presence of a thick 
noncompact layer with deep intertrabecular recesses that fill with 
color on color Doppler echocardiography. 

Video 37.2 Fetal left ventricular noncompaction. Fetal echocardio¬ 
gram in the 4-chamber view in a 30-week gestation fetus demon¬ 
strates poor biventricular function, thickening of the left ventricular 
wall, and increased trabeculations in the right ventricular apex. 

Video 37.3 Bantu submitral aneurysm. Parasternal short-axis view 
from a 44-year-old Nigerian male with a submitral aneurysm. Note 
the septated sonolucent area adjacent to the mitral annulus with sig¬ 
nificant dyskinetic wall motion in that region. 

Video 37.4 Congenital left ventricular diverticulum in association 
with pentalogy of Cantrell. Fetal echocardiogram in the 4-chamber 
view demonstrates a left ventricular diverticulum protruding from 
the left ventricular apex, with good contractility. Associated findings 
in this patient include tricuspid atresia, ectopia cordis, omphalocele, 
and sternal cleft. 

Video 37.5 Congenital aneurysm of the ventricular septum. A 19- 
year-old female with palpitations and frequent premature ventric¬ 
ular contractions. Magnetic resonance cine SSFP imaging in the 
short-axis plane demonstrates global left ventricular dysfunction 
with similar contractility of the aneurysm wall. 

Video 37.6 Congenital left ventricular diverticulum in an infant 
with omphalocele and pulsatile mass over the abdomen. Subcostal 
view with color Doppler demonstrates the long, finger-like projec¬ 
tion arising from the left ventricular apex with good contractility. 
Contrast fills the cavity in diastole, and washes back into the left 
ventricle in systole. 

Video 37.7 Congenital aneurysm of the left ventricular wall. Dual 
view (parasternal short-axis on left, apical 4-chamber on right) 3D 
echocardiogram demonstrates a left ventricular aneurysm with a 
broad base and several intervening trabeculations. The apical view 
identifies a wall motion abnormality at the apical segment of the 
aneurysm. 

Video 37.8 Bantu submitral aneurysm with mitral regurgitation. 
Apical 4-chamber view in color compare mode in a 44-year-old 
Nigerian male with a submitral aneurysm. Note the associated dis¬ 
tortion of the posterior mitral leaflet with mitral regurgitation. 


Video 37.9 Fetal left ventricular aneurysm. Fetal echocardiogram 
in 4-chamber view at 26 weeks’ gestation demonstrates a large con¬ 
genital aneurysm arising from the basal lateral wall of the left ven¬ 
tricle. Note the poor contraction of the aneurysm and decreased left 
ventricular function. The aneurysm has a broad connection to the 
left ventricle. 

Video 37.10 Arrhythmogenic right ventricular cardiomyopa¬ 
thy/dysplasia. Parasternal short-axis view in a patient with arrhyth¬ 
mogenic right ventricular cardiomyopathy/dysplasia demonstrates 
right ventricular enlargement and systolic right ventricular dysfunc¬ 
tion. A pacemaker lead is noted in the right ventricle. 

Video 37.11 Arrhythmogenic right ventricular cardiomyopa¬ 
thy/dysplasia. This parasternal short-axis view demonstrates right 
ventricular enlargement with an aneurysm of the right ventricular 
free wall. 

Video 37.12 Additional arrhythmogenic right ventricular car¬ 
diomyopathy/dysplasia findings. Subxiphoid image demonstrating 
thinning and aneurysmal deformation of the right ventricular wall 
along the free wall and the apex of the RV. 
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Introduction 

Definition 

Kawasaki disease is an acute systemic vasculitis of as yet 
unknown cause, first described in Japanese by Tomisaku 
Kawasaki in 1967 [1], and subsequently in English in 1974 [2]. 
Since its original description, mucocutaneous lymph node syn¬ 
drome - or Kawasaki disease - has now come to be recognized 
as a common form of acquired heart disease in the pediatric 
population with a worldwide distribution, affecting children of 
all races. Kawasaki disease is diagnosed by recognition of its 
principal signs and symptoms (Table 38.1), which characteris¬ 
tically include fever, changes in the extremities, polymorphous 
skin exanthem, nonexudative conjunctivitis, changes in the lips 
and mucous membrane, and cervical lymphadenopathy. In addi¬ 
tion to the “classical” clinical findings, there are multiple features 
associated with the illness that can be recognized, including (but 
not limited to) cardiac involvement, arthritis/arthralgia, vomit¬ 
ing, diarrhea, gall bladder hydrops, sterile pyuria, and irritabil¬ 
ity. Recent recommendations have addressed the diagnosis of 
“incomplete” Kawasaki disease, where persistent fever is identi¬ 
fied in patients with only two or three classic clinical findings. In 
this setting, Kawasaki disease maybe diagnosed when additional 
laboratory data and/or echocardiographic findings support the 
diagnosis [3]. 

Incidence 

Kawasaki disease primarily affects young children, with 80% 
cases reported in children less than 5 years of age, and 90% of 
cases occurring in children less than 8 years of age [4]. In Japan, 
where the prevalence of Kawasaki disease is the highest, the dis¬ 
ease occurs in 134 per 100,000 children less than 5 years of age. 
Outside Japan, prevalence ranges from 8 to 67 per 100,000 chil¬ 
dren less than 5 years of age, depending on the ethnicity of the 
population being studied [5]. The disease prevalence is high¬ 
est in children of Asian descent, followed by African Ameri¬ 
cans, Hispanics, and Caucasians [6]. Males are affected more fre¬ 
quently than females, with a ratio of 1.5:1. 


Etiology 

The etiology of Kawasaki disease is unknown, although an 
infectious etiology is likely given its clinical and epidemio¬ 
logic characteristics. In addition to its classic clinical charac¬ 
teristics, Kawasaki disease also features winter-spring predomi¬ 
nance, a characteristic age distribution, evidence of community 
outbreaks, and evidence of prior epidemic periods. Labora¬ 
tory data obtained during the illness also support an infec¬ 
tious agent as the cause. Prior theories, such as toxic expo¬ 
sures or bacterial superantigen-mediated inflammation, have 
not gained widespread acceptance. The exact pathogen respon¬ 
sible for Kawasaki disease, however, remains unidentified. 


Pathophysiology 

The acute febrile phase of the illness features a diffuse microvas- 
cular vasculitis, with endarteritis and perivascular inflamma¬ 
tion of the coronary arteries [7]. The inflammatory process may 
also involve pericarditis, myocarditis [8], and endocarditis. The 
acute phase of the disease, therefore, can be associated with 
pericardial effusion, acute myocardial dysfunction, and valvar 
regurgitation. In the subacute clinical phase - following reso¬ 
lution of the fever - there is a persistent panvasculitis of the 
coronary arteries that may result in ectasia, aneurysm, and/or 
thrombosis. Pericarditis, myocarditis, and endocarditis are also 
frequently seen in this phase. In the convalescent and chronic 
phases of the disease, resolution of the microvascular angiitis is 
replaced by granulation and intimal thickening of the coronary 
arteries. Coronary artery scarring, stenosis, and calcification can 
be seen in later phases of the illness. Thrombosis of the coro¬ 
nary arteries may occur in all phases of the disease. Approxi¬ 
mately 50-60% of coronary artery aneurysms will demonstrate 
evidence of regression over the first 3-5 years following acute 
Kawasaki disease [9,10]; however, the mechanism for regres¬ 
sion of aneurysms may be detrimental, including myointimal 
proliferation with narrowing of the vessel lumen, or organiza¬ 
tion of endovascular thrombus [11]. Mitral regurgitation and 
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Table 38.1 "Classic" clinical features of Kawasaki disease [3] 


■ Fever persisting >5 days 

■ Presence of at least 4 principal clinical features: 

• Changes in extremities 

° Acute: erythema of palms and/or soles, edema of hands and/ 
or feet 

° Subacute: periungual desquamation of fingers and toes 

• Polymorphous exanthema 

• Bilateral, nonexudative conjunctival injection 

• Changes in lips and oral mucosa: erythema, cracked lips, 
strawberry tongue, diffuse injection of oral/pharyngeal mucosa 

• Cervical lymphadenopathy (>1.5 cm node), usually unilateral 

■ Exclusion of diseases with similar findings 


myocardial dysfunction seen in later phases of the disease are 
usually due to myocardial and papillary muscle ischemia. In 
addition to these anatomic abnormalities, coronary vascular 
function may be abnormal in patients in the chronic phases of 
Kawasaki disease, with reduced coronary artery flow reserve and 
abnormal vascular reactivity [12-14]. 

Imaging 

Key elements 

Although the pathophysiology may change in acute, suba¬ 
cute, and chronic phases of the disease, echocardiography must 
focus on coronary artery abnormalities, valvar dysfunction, and 
myocardial function in all phases of the illness: 

■ Coronary artery assessment: 

• Identification of coronary artery abnormalities: 

° evidence of perivascular inflammation; 

° ectasia; 

° aneurysm (diameter and length, location, and number); 

° classification of severity of coronary artery abnormalities; 
° identification of coronary artery thrombus; 

° identification of coronary artery stenosis. 

■ Identification of valvar involvement: 

• Mitral and tricuspid valve regurgitation. 

• Aortic regurgitation. 

• Aortic root dilation. 

■ Identification of myocardial involvement: 

• Global myocardial dysfunction. 

• Regional myocardial dysfunction. 

■ Identification of pericardial involvement: 

• Pericardial effusion. 

General principles 

Kawasaki disease presents acutely (and subacutely) as a pan¬ 
carditis, hence echo car diographic assessment must focus on 
the endocardium, myocardium, and pericardium in addition 
to assessment of coronary arteries. Identification of pericardial 
effusion, mitral regurgitation, or myocardial dysfunction may 
in fact be associated with an elevated risk of coronary artery 


changes [15,16]. These findings may also increase clinical sus¬ 
picion of Kawasaki disease when clinical criteria are incom¬ 
plete [3]. Recently, abnormalities in diastolic function - by tis¬ 
sue Doppler assessment of the left ventricle - have also been 
reported in association with acute and subacute Kawasaki dis¬ 
ease [17]. In patients followed chronically with coronary artery 
abnormalities, the focus of the echocardiographic assessment 
shifts to assessment of coronary artery insufficiency, regional 
and global myocardial function, and ischemia-related atrioven¬ 
tricular valve dysfunction. 

Consensus recommendations for 
echocardiographic imaging in Kawasaki disease 

The pathophysiology of Kawasaki disease dictates that the acute 
cardiovascular sequelae of the disease appear with variable 
frequency during the acute and subacute phase of the illness 
(the first 6-8 weeks of the illness). During these phases, con¬ 
sensus guidelines published by the American Heart Association 
[3,18] recommend echocardiographic imaging at the time of 
diagnosis, at 2 weeks after diagnosis, and again at 6-8 weeks 
after diagnosis. During this period, acute changes in valvar or 
myocardial function, pericardial effusion, and acute coronary 
artery changes should be noted. In addition, imaging in the first 
6-8 weeks of illness encompasses the period during which 
transient changes in coronary artery dilation and ectasia will 
often resolve. Alternatively, this is the period during which 
coronary artery aneurysms attain their maximum size [19]. In 
complex cases where coronary artery aneurysms and/or throm¬ 
bosis, significant valvar regurgitation, effusion, or myocardial 
dysfunction occur, echocardiography during the acute and 
subacute phases should be performed as indicated by clinical 
circumstances. For patients with chronic - primarily coronary - 
abnormalities, annual follow-up with echocardiography is 
recommended. The focus of these follow-up evaluations is to 
assess for resolution of coronary artery abnormalities, evidence 
of coronary artery thrombosis/stenosis, valvar dysfunction, or 
myocardial dysfunction/ischemia. The proposed algorithm for 
long-term follow-up echocardiography, myocardial perfusion 
imaging, and angiography is summarized in Table 38.2. 

General principles for coronary 
artery assessment 

Coronary artery abnormalities are the most significant short - 
and long-term sequelae of Kawasaki disease. Echocardiography 
is a highly sensitive, specific, noninvasive means of assessing the 
coronary arterial system, and thus occupies a central role in the 
diagnostic work-up of children with Kawasaki disease. In gen¬ 
eral, coronary artery imaging should be performed at the highest 
feasible transducer frequency. Reducing 2D gain and dynamic 
range (i.e., compression) settings will often improve demon¬ 
stration of the endovascular lumen and thereby improve coro¬ 
nary artery imaging. Imaging at lower depth will also enhance 
anatomic visualization. 
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Table 38.2 Consensus recommendations for follow-up imaging in Kawasaki disease 


Risk level Diagnostic imaging Invasive testing 


I (no CA changes at any stage of illness) 

II (Transient CA ectasia resolving within the 
first 6-8 weeks) 

III (1 small-medium CA aneurysm) 

IV (>1 large or giant CA aneurysm, or 
multiple/complex aneurysms in the same 
CA, no stenosis) 

V (CA obstruction) 


None 

None 

Echocardiogram, ECG yearly; biennial stress test, 
perfusion imaging 

Echocardiogram, ECG twice yearly; annual stress 
test, perfusion imaging 

Echocardiogram, ECG twice yearly; annual stress 
test, perfusion imaging 


None 

None 

Angiography, if noninvasive imaging suggests 
ischemia 

Angiography at 6-12 months after diagnosis or 
as clinically indicated; repeated angiography if 
noninvasive testing suggests ischemia 
Angiography to evaluate therapeutic options 


CA, coronary artery; ECG, electrocardiogram. 
Source: Adapted from Newburger et al. 2004 [3]. 


Imaging of the left coronary artery system is best performed 
in the parasternal and apical windows. The left main coronary 
artery is most readily imaged in the parasternal short-axis win¬ 
dow at the level of the aortic root. In the parasternal short-axis, 
the left anterior descending artery (LAD) and proximal left cir¬ 
cumflex artery (LCx) can also be demonstrated. Often, a slight 
clockwise rotation of the transducer from the standard paraster¬ 
nal short-axis will increase visualization of a greater length of 
both LAD and LCx (Figure 38.1; Video 38.1). In the paraster¬ 
nal long-axis, sweeping the plane of sound between aorta and 
pulmonary artery - from right to left - will often demonstrate 
the proximal left coronary artery, LAD, and LCx (Figure 38.2; 
Video 38.2). In the apical 4-chamber view, anterior angulation of 


the plane of sound will demonstrate the more distal LCx in the 
anterior atrioventricular groove (Figure 38.3). Although tech¬ 
nically more challenging, the LCx can also be demonstrated in 
subxiphoid windows, particularly when aneurysms are present 
(Figure 38.4; Video 38.3). 

The right coronary artery (RCA) system can be visualized in 
several imaging windows. In the parasternal short-axis view at 
the aortic root, the proximal RCA can be imaged (Figure 38.5). 
A slight clockwise rotation of the plane of sound in this view 
will usually result in better visualization of a greater length 
of the proximal RCA. The proximal RCA can also be visu¬ 
alized in the anterior atrioventricular groove on either apical 



Figure 38.2 Parasternal long-axis view, with leftward angulation from 

Figure 38.1 Parasternal short-axis view, with slight clockwise rotation, standard view, highlights the aorta and the left main coronary artery (open 

demonstrates the left main coronary artery (LCA), proximal left anterior arrow). Both the left anterior descending artery (LAD) and left circumflex 

descending artery (LAD), and proximal left circumflex coronary artery (LCx) artery are seen; there are multiple saccular aneurysms involving both 

(open arrow). Note the diffuse enlargement of the LCA and LAD in this coronary arteries. Note the relationship of the aorta (Ao), LAD, and 
child with Kawasaki disease. A, anterior; Ao, aorta; L, left. pulmonary artery (white asterisk) in this view. A, anterior; S, superior. 
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Figure 38.3 In apical 5-chamber view (anterior angulation), the left 
circumflex coronary artery can be demonstrated in the left anterior 
atrioventricular groove (open arrows). The aorta (asterisk) can also be seen 
on this image. Note the diffuse enlargement of the left circumflex artery 
and the increased perivascular echogenicity in a child with acute Kawasaki 
disease. L, left; LV left ventricle; RV, right ventricle; S, superior. 

imaging (with anterior angulation of the plane of sound, Fig¬ 
ure 38.6; Video 38.4), or in the subxiphoid long-axis (coro¬ 
nal) view (Figure 38.7; Video 38.5). The middle portion of the 
RCA can be visualized in cross-section in parasternal long- 
axis views, angulated towards the tricuspid valve and lateral 



Figure 38.4 Subxiphoid sagittal view at the level of the left atrioventricular 
groove demonstrates multiple, saccular aneurysms of the left circumflex 
artery (open arrows). Note also the modest pericardial effusion (white 
arrows) seen in a patient with acute phase disease. P, posterior; S, superior. 



Figure 38.5 Parasternal short-axis view demonstrates a large, fusiform 
aneurysm of proximal right coronary artery (open arrow). A, anterior; Ao, 
aorta; L, left; LA, left atrium; RA, right atrium. 


atrioventricular groove; it may also be visualized in subxiphoid 
short-axis (sagittal) view by angulation rightward into the lat¬ 
eral atrioventricular groove. The distal RCA and the junction 
of the RCA with posterior descending coronary artery can be 
imaged in the apical or parasternal long-axis view with poste¬ 
rior angulation into the posterior right atrioventricular groove. It 
can also be seen in the subxiphoid long-axis view with posterior 
angulation. 



Figure 38.6 Apical 5-chamber view shows the proximal right coronary 
artery in the right anterior atrioventricular groove (arrows). Note the large, 
fusiform aneurysm in this image, which tapers proximally at the right 
coronary artery ostium. Ao, aorta; L, left; LV, left ventricle; S, superior. 
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Figure 38.7 Subxiphoid coronal view demonstrates a right coronary artery 
aneurysm in the anterosuperior portion of the right atrioventricular 
groove. The right atrium (RA), tricuspid valve (white arrow), and right 
ventricle (RV) are also demonstrated. L, left; S, superior. 


It is important to make every effort to image each segment 
of the left and right coronary artery systems. The most com¬ 
mon sites for coronary artery aneurysms are the proximal LAD 
and proximal RCA, followed in decreasing frequency by the 
left main coronary artery, LCx, distal RCA, and proximal pos¬ 
terior descending artery. Although isolated aneurysms of the 
left main coronary artery are relatively common, isolated RCA 
or LAD aneurysms are relatively uncommon, and isolated LCx 
lesions are rare. More commonly multiple lesions involving both 
right and left coronary systems - particularly involving the LAD, 
RCA, and left main coronary artery - are seen [20]. 

Characterization of coronary 
artery abnormalities 

Coronary artery aneurysms should be characterized both qual¬ 
itatively and quantitatively by 2D echocardiography Coronary 
artery ectasia is defined as coronary artery enlargement with¬ 
out aneurysm (Figure 38.8). Coronary artery aneurysms are 
described as saccular when the axial and longitudinal dimen¬ 
sions are nearly equal (Figures 38.7 and 38.9), or fusiform, when 
the axial dimension is less than longitudinal dimension, and the 
aneurysm tapers at its ends (Figures 38.5 and 38.6). Characteri¬ 
zation of aneurysm type is of prognostic importance, as fusiform 
aneurysms are more likely than saccular aneurysms to regress 
over time [21]. In addition to frank coronary artery aneurysms, 
other more subtle changes have been reported in the acute phase 
of the illness, including perivascular echogenicity seen in the 
coronary arterial wall (Figure 38.3) and mild, diffuse coronary 
artery enlargement [5]. However, there are recent reports that 
suggest that perivascular echogenicity may be difficult to dis¬ 
criminate from normal control subjects [22]. 



Figure 38.8 Parasternal short-axis image demonstrates diffuse ectasia of 
the left main and left anterior descending coronary arteries (white arrows). 
Note the moderate saccular aneurysm of the right coronary artery (open 
arrow). A, anterior; L, left. 

Quantitative coronary artery assessment should be performed 
in all patients being evaluated for Kawasaki disease. In addition 
to having prognostic importance, recent management guide¬ 
lines [3,18] are based on aneurysm size, number, and loca¬ 
tion. Internal vessel diameters should be measured by 2D 
echocardiographic images from inner edge to inner edge (Fig¬ 
ure 38.10). The American Heart Association previously classi¬ 
fied aneurysms by internal diameter as either small (<5 mm), 
medium (5-8 mm), or giant (>8 mm) [18]. Most recently, 



Figure 38.9 Parasternal short-axis view demonstrates two moderate-sized 
saccular aneurysms involving the left anterior descending coronary artery 
(arrows). A, anterior; Ao, aorta; L, left. 
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Figure 38.10 Standard locations for making quantitative measurements of 
left main coronary artery (LCA), left anterior descending artery (LAD), 
and right coronary artery (RCA) dimensions. Note that the LCA dimension 
should be measured distal to its ostium, and prior to its bifurcation into 
LAD and left circumflex artery The RCA is measured after its initial turn 
rightward from the aortic sinus. The LAD is measured distal to its 
bifurcation from the LCA and prior to the takeoff of the first marginal 
branch. Source: de Zorzi et al. 1998 [24]. Reproduced with permission of 
Elsevier. 

however, aneurysms have been reclassified as small-medium 
(>3 mm but <6 mm, coronary artery z-score of +3 to +7), 
large (>6 mm), or giant (>8 mm) to reflect consensus sugges¬ 
tions for cardiovascular risk assessment [3]. Alternatively, the 
Japanese Ministry of Health has defined coronary artery dila¬ 
tion if (1) the internal diameter is >3 mm in children <5 years 
of age; (2) the internal diameter is >4 mm in children >5 years of 
age; (3) the internal diameter is at least 1.5 times the diameter of 
an adjacent coronary segment; or (4) the coronary artery lumen 
is clearly irregular [23]. These criteria, however, may result in 
under-recognition of coronary artery abnormalities if one com¬ 
pares patients with Kawasaki disease with body surface area- 
adjusted normal values for coronary artery dimensions [24,25]. 
It is therefore important also to assess coronary artery dimen¬ 
sions relative to published normal values (and z-score values) 
[24-26]. Understanding that published normal values exist only 
for the RCA, left main coronary artery, and LAD, it is also impor¬ 
tant to assess other coronary segments relative to their adjacent 
segments, as described above, using Japanese Ministry of Health 
criteria. 

The location, number, and distribution of coronary artery 
aneurysms should also be noted, as the presence of multiple 
aneurysms (Figure 38.11) in one or more coronary artery results 
in higher risk stratification, more aggressive pharmacologic 
therapy, and the need for additional testing, such as coronary 
angiography and perfusion assessment. 

The presence of thrombus within coronary artery aneurysms, 
particularly in giant aneurysms, should be evaluated (Fig¬ 
ure 38.12; Video 38.6). Identification of stenosis or obstruction 



Figure 38.11 Parasternal short-axis view in a patient with multiple, 
complex coronary artery aneurysms. Large, saccular aneurysms involving 
the left anterior descending artery (LAD) and left circumflex artery (LCx) 
are present (white arrows); note also the giant right coronary artery 
aneurysm with thrombus (open arrow) formation. A, anterior; L, left. 



Figure 38.12 Parasternal short-axis view in a patient with a large thrombus 
(open arrow) within a giant right coronary artery aneurysm. Spontaneous 
contrast can also been seen within the aneurysm. A, anterior; Ao, aorta; L, 
left; RYOT, right ventricular outflow tract. 
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of the coronary arteries due to acute thrombosis or to chronic 
fibrosis and thickening of the vessel wall should be attempted, 
although it may be difficult by 2D echocardiography alone [27]. 
Identification of coronary artery stenoses may be improved by 
functional assessment of coronary artery perfusion but can also 
be confirmed by cardiac angiography. 


Valvar dysfunction 

In the acute phase of Kawasaki disease, color flow Doppler eval¬ 
uation can often identify tricuspid and mitral valve regurgita¬ 
tion. Atrioventricular valve regurgitation in acute Kawasaki dis¬ 
ease is usually mild, transient, and felt to be related to either 
valvulitis or myocarditis [28,29]. In one report, the presence of 
mitral regurgitation was associated with lower left ventricular 
ejection fraction in the acute phase of the illness [28]. In rare 
cases, acute mitral regurgitation can be severe [30]. Mitral regur¬ 
gitation that persists long term has been associated with myocar¬ 
dial ischemia and papillary muscle dysfunction [29,31]. 

Aortic regurgitation may also occur, and is felt to be secondary 
to valvulitis and/or aortitis. Aortic regurgitation during the acute 
phase is also typically mild in severity and transient [31,32]. Aor¬ 
tic root dilation has been noted in Kawasaki disease [33], and 
may account in part for the development of aortic regurgitation. 
Aortic regurgitation may persist chronically and in rare cases 
require surgical intervention [34,35]. 


Myocardial involvement 

Histologic evidence of myocarditis in the acute phase of 
Kawasaki disease is present in virtually all cases [7,8,36,37]. 
Echocardiographic assessment of ventricular function during 
the acute phases of Kawasaki disease is therefore an important 
component of initial and follow-up evaluations. Quantitative 
methods of assessing global ventricular chamber size and func¬ 
tion are discussed elsewhere but generally include shortening 
fraction or ejection fraction. Evaluation of regional wall motion 
abnormalities should also be considered. Assessment of regional 
wall motion abnormalities is performed in the parasternal long- 
and short-axis, and apical 4- and 2-chamber views. These win¬ 
dows allow the examiner to assess 16 standard myocardial seg¬ 
ments [38] and determine the specific coronary artery territory 
affected when segmental wall motion abnormalities are identi¬ 
fied (Figure 38.13). Long-term imaging in patients with severe 
coronary artery involvement may reveal significant myocardial 
dysfunction, scarring, and mitral regurgitation related to papil¬ 
lary muscle ischemia (Videos 38.7 and 38.8). 

Pericardial involvement 

In the acute phase of Kawasaki disease, pericardial inflamma¬ 
tion can produce modest pericardial effusions. Although rarely 
of hemodynamic significance, there have been reports of peri¬ 
cardial tamponade in association with severe acute Kawasaki 
disease [39,40]. Identification of pericardial effusion may also 
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Figure 38.13 Sixteen myocardial segments 
demonstrated on parasternal and apical imaging of 
the left ventricle. Note the coronary artery supply to 
each specific segment. LAX, long axis; SAX, short 
axis; PM, papillary muscles; 2C, 2-chamber; 4C, 
4-chamber; ant, anterior; inf, inferior; lat, lateral; 
post, posterior; sept, septum. Source: Segar et al. 
1992 [57]. Reproduced with permission of Elsevier. 
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be a value in assessing risk of coronary artery changes [15] or in 
providing supportive diagnostic data in “incomplete” Kawasaki 
disease. 

Assessment of coronary perfusion 
by echocardiography 

In addition to anatomic imaging and identification of coronary 
artery abnormalities, functional imaging of the coronary arte¬ 
rial tree may be important in patients with Kawasaki disease, 
particularly in those who are known to have significant coro¬ 
nary artery aneurysms. Coronary artery dysfunction heralds 
atherosclerotic disease. Children with Kawasaki disease are at 
increased risk of developing early adult coronary artery disease. 
Stress echocardiography is an important tool that can be used 
to evaluate coronary artery function. Stress echocardiography 
is based on the presumption that a stressor —either dynamic, 
such as exercise, or pharmacologic, such as dobutamine—will 
induce relative ischemia in myocardial segments with inade¬ 
quate coronary arterial blood supply. By increasing myocardial 
oxygen demand, stress echocardiography can produce, and sub¬ 
sequently demonstrate, ischemia-induced wall motion abnor¬ 
malities - not present during resting imaging - in myocardial 
segments supplied by stenotic coronary artery branches. Stress 
echocardiography has the additional diagnostic advantage of 
focusing on regional wall motion abnormalities, which appear 
earlier during myocardial ischemia than either electrocardio¬ 
graphic changes or elevation of cardiac enzymes. 

Exercise stress echocardiography, performed either immedi¬ 
ately after or during exercise, has several disadvantages in the 
pediatric population, which are largely technical in nature. Exer¬ 
cise is usually performed in a graded, stepwise progression on 
either a treadmill or bicycle ergometer. Although the degree 
of physiologic stress reached with exercise is generally excel¬ 
lent, many children are not capable of performing these stud¬ 
ies. Imaging either during or immediately after exercise can be 
technically challenging, due to movement and/or hyperpnea. 
Nonetheless, exercise stress echocardiography has successfully 
demonstrated angiographically confirmed coronary stenoses in 
patients following Kawasaki disease [41]. 

Pharmacologic stress echocardiography has several advan¬ 
tages over exercise stress echocardiography in the pediatric 
patient with Kawasaki disease. Use of pharmacologic stressors 
avoids the need for children (particularly the very young or those 
with disabilities) to perform graded exercise. Dobutamine, the 
most widely reported agent used in these studies [42-46], is gen¬ 
erally safe. Mild side effects, including headache, nausea, hyper¬ 
tension, and atrial/ventricular ectopy, generally resolve rapidly 
with termination of the dobutamine infusion [44,46]. Serious 
arrhythmias and hypotension have been described, but are rare 
in the pediatric age group. 

During dobutamine stress echocardiography, baseline images 
are obtained in the parasternal long- and short-axis, and in 


the apical 4- and 2-chamber views, in order to evaluate all 16 
standard myocardial segments (Figure 38.13) [38]. Continuous 
dobutamine infusion is then administered in 3-5 min stages, at 
infusion rates of 10, 20, 30, 40, and 50 pg/kg/min. Continuous 
electrocardiographic and vital signs monitoring is performed, 
and images are repeated at the end of each infusion stage. Cur¬ 
rent cardiac ultrasound systems allow digital display of images 
in quad-screen format, which allows side-by-side comparison of 
either single views at multiple infusion rates or multiple views at 
a single infusion rate. Most laboratory protocols compare rest¬ 
ing, low dose, and high dose, and recovery images for evidence 
of regional wall motion abnormalities. High (maximum) dose 
is typically reached either when target heart rate is attained or 
when maximum dose (30-50 pg/kg/min) is reached. 

Data regarding the use of dobutamine stress echocardiog¬ 
raphy in children with Kawasaki disease suggest that it can 
be used safely to identify coronary artery stenosis [42,44,46]. 
In the largest such study, Noto et al. [44] demonstrated that 
dobutamine stress echocardiography identified coronary artery 
stenoses with a sensitivity of 90% and a specificity of 100%. 

Alternative imaging modalities in 
Kawasaki disease 

When significant coronary artery abnormalities are suspected, 
cardiac catheterization with coronary angiography is usually 
performed to fully evaluate the extent and distribution of coro¬ 
nary artery aneurysms (Table 38.2). Angiography fully delin¬ 
eates coronary artery anatomy, particularly in the distal ves¬ 
sels, but is invasive and not without clinical risk. Noninvasive 
alternatives to cineangiography are now available in the form of 
both cardiac magnetic resonance (CMR) imaging and computed 
tomography (CT). Studies using both CMR [47-50] and multi¬ 
detector/ultrafast CT [51,52] have reported the accuracy of both 
modalities in identifying and characterizing coronary artery 
abnormalities in Kawasaki disease. Both CMR and CT may pro¬ 
vide a noninvasive means of assessing coronary artery anatomy 
in the course of long-term follow-up of Kawasaki disease, partic¬ 
ularly in patients with high-risk coronary artery abnormalities 
or patients with limited echocardiographic imaging windows. 

For assessment of coronary artery perfusion, alternatives to 
stress echocardiography include stress nuclear perfusion stud¬ 
ies [53-55] and stress CMR with regional perfusion assessment 
[56]. The method of assessing coronary artery perfusion in 
Kawasaki disease is likely to be determined by local experience, 
available resources, and clinical familiarity. 
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Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 38.1 Parasternal short-axis image with slight clockwise rota¬ 
tion, demonstrating the left main coronary artery (LCA), proximal 
left anterior descending artery (LAD), and proximal left circumflex 
coronary artery. Note the diffuse enlargement of the LCA and LAD 
in this child with Kawasaki disease. 

Video 38.2 Parasternal long-axis image in a patient with Kawasaki 
disease. Note that with leftward sweeping, both the proximal left 
anterior descending artery and left circumflex artery are seen and 
appear significantly ectatic on this image. 

Video 38.3 Multiple, saccular left circumflex artery aneurysms 
seen on subxiphoid sagittal imaging at the level of the left atrioven¬ 
tricular groove. Note also the modest pericardial effusion seen in 
this patient with acute phase disease. 

Video 38.4 In apical 5-chamber view, the proximal right coro¬ 
nary artery can be demonstrated in the right anterior atrioventric¬ 
ular groove. Note also the significant dilation of the left anterior 
descending coronary artery as it descends into the interventricular 
groove. 

Video 38.5 Subxiphoid coronal view demonstrates a right coronary 
artery aneurysm in the anterosuperior portion of the right atrioven¬ 
tricular groove. The right atrium, tricuspid valve, and right ventricle 
are also demonstrated in this imaging plane. 

Video 38.6 Parasternal short-axis view in a patient with a large 
thrombus within a giant right coronary artery aneurysm. Sponta¬ 
neous contrast can also been seen within the aneurysm, consistent 
with sluggish blood flow. 

Video 38.7 Apical 4-chamber view in a patient with left ventricular 
dysfunction secondary to coronary artery aneurysms (with steno¬ 
sis) following Kawasaki disease. Note the global depression in left 
ventricular systolic performance, with regional hypokinesia, more 
severe in the interventricular septum when compared with the left 
ventricular free wall. In addition, there is thinning and increased 
echogenicity of the septal myocardium, consistent with myocardial 
fibrosis and scarring due to coronary ischemia in the left anterior 
descending artery distribution. 

Video 38.8 Parasternal short-axis view in a patient with left ven¬ 
tricular dysfunction secondary to coronary artery aneurysms (with 
stenosis) following Kawasaki disease. Note the global depression in 
left ventricular systolic performance, with regional hypokinesia of 
the septal and inferior segments, consistent with both left anterior 
descending artery and right coronary artery involvement. 
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Introduction 

Rheumatic fever (RF) is a delayed autoimmune reaction that typ¬ 
ically follows a group A P-hemolytic streptococcal throat infec¬ 
tion. It is a multi-organ disease that affects the heart, joints, 
brain, skin, and subcutaneous tissue. The adverse effect on 
the cardiovascular system, rheumatic heart disease (RHD), is 
responsible for the mortality and the majority of morbidity relat¬ 
ing to RF. Despite the virtual disappearance of RF/RHD from the 
developed world, its human, social, and economic costs remain a 
significant burden in many low- and middle-income countries. 

Epidemiology 

RF, once very common in North America and Europe, is now 
rarely seen by physicians who practice amongst affluent popu¬ 
lations. However, in developing nations, RF remains the most 
common cause of acquired heart disease in children and young 
adults. In developed countries, the incidence of RF began to 
decline in the 19th century, preceding the availability of peni¬ 
cillin [1]. This change was attributed to decreased crowding, bet¬ 
ter personal hygiene, improved nutrition and overall improved 
living standards [1]. With the introduction of penicillin in the 
mid-20th century, the incidence of RF further decreased, and in 
many places it is now virtually nonexistent. Low- and middle- 
income countries and some indigenous populations of the devel¬ 
oped world continue to struggle with the scourge of RF and its 
long-term consequences. A conservative estimate of 15 million 
people affected worldwide by RHD is likely the tip of the iceberg. 
The true prevalence of RHD would be several times this esti¬ 
mate if subclinical or echocardiography-positive disease were to 
be included [2-4]. Children aged between 5 and 15 years are at 
the greatest risk of a primary episode of RF [5]. Development of 


RF before this age period is almost nonexistent; onset of a pri¬ 
mary episode is rare beyond the fourth decade of life. Although 
there is no established gender difference for RF, in most pop¬ 
ulations RHD occurs 1.5-2 times more commonly in females 
than in males, which may be due to increased exposure to strep¬ 
tococcal infections (related to child rearing), lack of access to 
preventive care, or different host susceptibility. RF also appears 
to follow a seasonal pattern, paralleling that of streptococcal 
pharyngitis. 

Familial clustering of cases of RF is well described, and there is 
strong concordance in monozygotic twins [6]. It is thought that 
3-6% of any population is at risk of developing RF [7,8]. Genetic 
predisposition to RF has been linked to human leukocyte anti¬ 
gen (HLA) class II alleles [9,10]. Polymorphisms in tumor necro¬ 
sis factor alpha (TNF-a) and mannose-binding lectin genes 
have also been implicated. High-level expression of a particular 
alloantigen present on B cells, D8-17, has been reported to occur 
in patients with RF in some populations, implying that it may be 
a possible marker of susceptibility! 11], but the expression of this 
marker is not consistent across all endemic populations [12]. 

Pathophysiology 

The association between RF and group A P-hemolytic strepto¬ 
coccal upper respiratory tract infection is well established [1]. 
However, the exact pathogenesis of RF remains incompletely 
understood. The classical disease model is based on a complex 
interaction between a susceptible host, a virulent bacterium, 
and an environment conducive to bacterial infection. The cur¬ 
rent hypothesis attributes the delayed autoimmune reaction of 
RF to molecular mimicry between the host and the streptococ¬ 
cus [13]. Particular streptococcal proteins (e.g., M protein and 
N-acetylglucosamine) share homologous sequences with human 
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Table 39.1 Comparison of AHA, WHO and Australian diagnostic 
criteria for RF 


AHA (Jones) WHO Australia 2012 [18] 

Manifestations 1992 [16] 2004 [17] High risk Low risk 


Carditis 

Major 

Major 

Major 


Subclinical carditis 


n/a 

Major 

n/a 

Prolonged PR 

Minor 

Minor 

Minor 


interval 

Polyarthritis 

Major 

Major 

Major 


Polyarthralgia 

Minor 

Minor 

Major 

Minor 

Aseptic 

n/a 

n/a 

Major 

Minor 

monoarthritis 

Monoarthralgia 

n/a 

n/a 

Minor 

n/a 

Subcutaneous 

Major 

Major 

Major 


nodules 

Sydenham's chorea 

Major 

Major 

Major 


Erythema 

Major 

Major 

Major 


marginatum 

Fever 

Minor 

Minor 

Minor 


WBC, ESR, CRP 

Minor 

Minor 

Minor 


Evidence of recent 

Required 

Required 

Required 


streptococcal 


infection 


AHA, American College of Cardiology/American Heart Association; WHO, 
World Health Organization. 

Source: Adapted from RHD Australia (RF/RHD Writing Group), National 
Heart Foundation of Australia, and the Cardiac Society of Australia and 
New Zealand 2012 [18]; http://www.rhdaustralia.org.au/resources/ 
arf-rhd-guideline. 


tissues such as myosin and laminin. As a result, the immune 
reaction that occurs in response to group A streptococcal infec¬ 
tion can lead to the formation of cross-reactive antibodies and 
T cells in susceptible hosts. Cross-reactive antibodies attach to 
native laminin in valvar endothelium and to other tissues, allow¬ 
ing the entry of primed T helper cells to trigger an autoim¬ 
mune reaction [14]. Inflammation then leads to neovasculariza¬ 
tion and further recruitment of T-cells. 


Diagnostic criteria for rheumatic fever 

The diagnosis of RF relies on clinical criteria as there are no spe¬ 
cific tests that confirm or rule out the diagnosis. In 1944, Jones 
established diagnostic criteria for RF [15]. Over the latter part of 
the 20th century, the Jones criteria were modified and updated, 
most recently in 1992 (Table 39.1). On each occasion, the crite¬ 
ria were changed to become more specific and less sensitive for 
RF in response to the decline in RF in industrialized countries 
over that period. However, the Jones criteria may no longer be 
appropriate in regions where RF remains endemic, i.e. in popu¬ 
lations with a high pretest probability of RF (Table 39.2). Author¬ 
ities including the World Health Organization (WHO) and Aus¬ 
tralian disease control organizations that work in endemic areas 


have recently adjusted the Jones criteria to increase their sensi¬ 
tivity (Tables 39.1 and 39.2) [17,18]. 

Valvulitis is a clinical diagnosis based on the updated Jones 
and WHO criteria. However, it has been shown that auscultation 
is neither sensitive nor specific for mild mitral or aortic regurgi¬ 
tation. The 2012 Australian diagnostic guidelines modified the 
Jones criteria to include subclinical valvulitis as a major crite¬ 
rion for RF. Subclinical valvulitis refers to echocardiographic 
evidence of mild mitral and/or aortic valve regurgitation that is 
not audible. 

Clinical course of rheumatic fever and 
rheumatic heart disease 

Up to 80% of patients with a primary episode of RF have carditis. 
The overall risk of developing long-term RHD following the first 
episode of RF is approximately 60-65% [19]. Risk of progression 
to chronic severe RHD depends upon two factors: (1) the sever¬ 
ity of carditis at presentation and (2) the number of RF recur¬ 
rences following the primary episode [20-22]. Recurrence of RF 
is most common in the first 5 years after the initial episode and 
may occur in up to 75% of patients who do not receive regular 
secondary prophylaxis. Secondary prophylaxis is the continuous 
delivery of antibiotics to prevent recurrent episodes of RF, usu¬ 
ally with monthly benzathine penicillin injections or daily oral 
penicillin. The benefits of secondary prophylaxis have been rec¬ 
ognized since the 1960s [23-36]. Continuous adherence to sec¬ 
ondary prophylaxis leads to a reduction in recurrent episodes 
of RF, improvement in the severity of RHD (including com¬ 
plete regression of mild valvulitis within 5-10 years in up to 70% 
of cases), and reduced mortality. Despite these preventive mea¬ 
sures, RHD remains a common cause of morbidity and is one of 
the most frequent indications for valve intervention. 

Imaging 

Key elements 

■ Assessment of mitral valve anatomy: 

• For abnormal thickening, elongation of chordae and pro¬ 
lapse. 

• Measurement of mitral valve diameter and comparison with 
normal z-score measures. 

• Quantitation of mitral regurgitation: 

° Size and extent of regurgitant jet. 

° Assessment of regurgitant volume and regurgitant frac¬ 
tion if possible. 

° Measurement of effective regurgitant orifice area. 

° Assessing for volume overload by measuring left atrial and 
left ventricular size. 

• For mitral stenosis (in chronic disease): 

° Mean gradient across the valve. 

° Region in mitral apparatus where mitral stenosis begins. 
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Table 39.2 2012 updated Australian guidelines for the diagnosis of RF 


High-risk groups 9 


All other groups 


Definite initial episode of RF 
Definite recurrent episode of RF in a 
patient with known past RF or RHD 
Probable RF (first episode or 
recurrence) 


Major manifestations 


Minor manifestations 


2 major or 1 major and 2 minor manifestations plus evidence of a preceding GAS infection * * * * * 6 
2 major or 1 major and 1 minor or 3 minor manifestations plus evidence of a preceding GAS infection 6 


A clinical presentation that falls short by either 1 major or 1 minor manifestation, or the absence of 
streptococcal serology results, but one in which RF is considered the most likely diagnosis. Such cases should 
be further categorized according to the level of confidence with which the diagnosis is made: 

• Highly suspected RF 

• Uncertain RF 

Carditis (including subclinical evidence of rheumatic 


valvulitis on echocardiogram) 

Polyarthritis 0 or aseptic monoarthritis or polyarthralgia 
Chorea 6 

Erythema marginatum e 
Subcutaneous nodules 
Monoarthralgia 
Fevei 6 

ESR >30 mm/h or CRP >30 mg/L 
Prolonged P-R interval on ECG g 


Carditis (excluding subclinical evidence of 
rheumatic valvulitis on echocardiogram) 
Polyarthritis 0 
Chorea 6 

Erythema marginatum e 
Subcutaneous nodules 
Fever f 

Polyarthralgia or aseptic monoarthritis 
ESR >30 mm/h or CRP >30 mg/L 
Prolonged P-R interval on ECG g 


CRP, C-reactive protein; ECG, electrocardiogram; ESR, erythrocyte sedimentation rate; GAS, group A streptococcal. 

a High-risk groups are those living in communities with high rates of RF (incidence >30/100,000 per year in 5-14 year olds) or RHD (all-age prevalence 

>2/1000). Aboriginal people and Torres Strait Islanders living in rural or remote settings are known to be at high risk. Data are not available for other 
populations, but Aboriginal people and Torres Strait Islanders living in urban settings, Maoris and Pacific Islanders, and potentially immigrants from 
developing countries, may also be at high risk. 

6 Elevated or rising antistreptolysin O or other streptococcal antibody, or a positive throat culture or rapid antigen tests for GAS. 

°A definite history of arthritis is sufficient to satisfy this manifestation. Note that if polyarthritis is present as a major manifestation, polyarthralgia or aseptic 
monoarthritis cannot be considered an additional minor manifestation in the same person. 

6 Chorea does not require other manifestations or evidence of preceding GAS infection, provided that other causes of chorea are excluded. 
e Care should be taken not to label other rashes, particularly nonspecific viral exanthemas, as erythema marginatum. 
f Oral, tympanic, or rectal temperature >38 °C on admission, or a reliably reported fever documented during the current illness. 
g \f Carditis is present as a major manifestation, a prolonged P-R interval cannot be considered an additional minor manifestation. 


■ Assessment of the aortic valve anatomy: 

• For effects on aortic valve leaflets: 

° Loss of leaflet height and retraction of leaflets. 

• Quantitation of aortic regurgitation: 

° Measurement of jet-width and cross-sectional area. 

° Assessment of regurgitant volume and regurgitant frac¬ 
tion if possible. 

° Measurement of pressure half-time. 

° Measurement of effective regurgitant orifice area. 

° Assessing for flow reversal in the abdominal aorta. 

° Assessing for volume overload by measuring left atrial and 
left ventricular size. 

■ Left ventricular function indices to assess for myocarditis. 

■ Estimation of right ventricular pressure using the tricuspid 
regurgitation jet to assess for pulmonary hypertension in the 
face of significant left-sided heart disease. 

■ Evaluation of pericardium for pericarditis. 

In general, echocardiography in RF is a noninvasive diagnos¬ 
tic tool that allows for: 

• Diagnosis of acute rheumatic carditis in an individual with 
suspected disease. 

• Confirmation of the diagnosis of RHD in individuals without 
a clinical history of RF. 


• Grading the severity of valve dysfunction. 

• Monitoring disease progression. 

• Determining the timing and method of treatment. 

• 3D echocardiographic evaluation. 

• Screening for latent and subclinical RHD in asymptomatic 
individuals in high-risk populations. 

Acute rheumatic heart disease 

Historically, acute rheumatic carditis was described as a pan¬ 
carditis, affecting the endocardium, myocardium, and peri¬ 
cardium. In the echocardiographic era, it has been demon¬ 
strated that the predominant manifestation of RHD is valvulitis; 
myocardial dysfunction rarely occurs without significant valve 
involvement [27]. Acute valvulitis most commonly affects the 
mitral and aortic valves and typically manifests as regurgita¬ 
tion. Less commonly, the tricuspid and pulmonary valves are 
affected, but almost never in isolation. Valvulitis is usually evi¬ 
dent at the time of presentation; however, it can be mild and its 
onset may be delayed by 2-6 weeks [28]. Repeated clinical and 
echocardiographic examinations may therefore be required to 
detect these changes. Pathologic mitral and aortic regurgitation 
can be difficult to distinguish from physiological regurgitation; 
the World Heart Federation has recently published minimal 
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Table 39.3 Echocardiographic criteria for subclinical valvulitis 


Pathologic mitral regurgitation 
(all four Doppler criteria must 
be met) 

Pathologic aortic regurgitation 
(all four Doppler criteria must 
be met) 

Seen in two views 

Seen in two views 

In at least one view, jet length 

In at least one view, jet length 

2 cm a 

>1 cm a 

Velocity >3 m/s for one complete 

Velocity >3 m/s in early diastole 

envelope 

Pan-diastolic jet in at least one 

Pan-systolic jet in at least one 
envelope 

envelope 


a A regurgitant jet length should be measured from the vena contracta to 
the last pixel of regurgitant color (blue or red). 

Source: Remenyi et al. 2012 [29]. Reproduced with permission of Nature 
Publishing Group. 


echocardiographic diagnostic criteria for rheumatic mitral and 
aortic regurgitation [29] (Table 39.3). 

Acute mitral valvulitis is characterized by leaflet thickening, 
annular dilation, and chordal elongation, leading to prolapse of 
the anterior and less commonly the posterior leaflet. As a result, 
mitral regurgitation occurs and the regurgitant jet is typically 
directed posterolaterally, causing thickening and calcification 
of the endocardium (otherwise known as MacCallums patch). 
Mitral stenosis does not typically occur in the initial presenta¬ 
tion of RHD. In extreme cases of mitral valvulitis, the primary 
chords of the anterior leaflet may rupture, resulting in a flail 
leaflet. To assess mitral valvulitis by echocardiography, the ante¬ 
rior mitral valve leaflet thickness should be measured during 
diastole at full excursion in the parasternal long-axis view. Mea¬ 
surements should be taken at the thickest portion of the leaflet, 
including focal thickening, beading, and nodularity. Abnormal 
thickening of the anterior leaflet is age specific and defined as 
follows: >3 mm for individuals <20 years of age; >4 mm for indi¬ 
viduals 21-40 years of age; and >5 mm for individuals >40 years 
of age. 

It is important to differentiate rheumatic mitral prolapse from 
the mitral prolapse seen in Barlow syndrome. In rheumatic 
mitral carditis, only the coapting portion of the anterior leaflet 
prolapses and there is no billowing of the medial portion. In con¬ 
trast, billowing of the posterior or both leaflets of the mitral valve 
occurs in Barlow syndrome (mitral valve prolapse). Barlow syn¬ 
drome is typically associated with a mid or late systolic mitral 
regurgitation, whereas prolapse associated with RHD typically 
causes pansystolic mitral regurgitation. 

Several Doppler indices are of value in determining the degree 
of mitral regurgitation in the setting of acute rheumatic mitral 
valvulitis. These include signal intensity of the continuous-wave 
regurgitant jet, size and extent of the jet into the left atrium, and 
abnormal pulmonary venous flow patterns. The regurgitant jet 
width (vena contracta) measured from the parasternal long-axis 
or apical 4-chamber view is often used as a measure of regurgi¬ 
tant severity. The ratio of regurgitant jet area to left atrial area can 


be determined by color Doppler and can be used to discriminate 
between mild (<30%), moderate (30-50%), and severe (>50%) 
regurgitation. Regurgitant jet area indexed to body surface area 
has likewise been reported to correlate with the angiographic 
gradient of regurgitation. Moreover, systolic flow reversal in the 
pulmonary veins in the apical 4-chamber or parasternal long- 
axis view suggests significant mitral regurgitation. Increased left 
atrial pressure may limit this technique. Additional methods for 
determining the degree of mitral regurgitation include flow con¬ 
vergence and proximal isovelocity surface area (PISA); however, 
these methods have not gained widespread use in the pediatric 
population. 

Quantification of mitral regurgitation severity can be accom¬ 
plished by using a combination of 2D and Doppler techniques. 
Total stroke volume (TSV) is calculated by subtracting left ven¬ 
tricular end-systolic volume from the end-diastolic volume. For¬ 
ward stroke volume (FSV) is obtained using pulsed Doppler to 
determine the mean velocity across the aortic valve, and multi¬ 
plying this value by the vessel cross-sectional area. Mitral regur¬ 
gitant volume (RV) can then be calculated as TSV - FSV, and 
the regurgitant fraction can be calculated as RV/TSV. The regur¬ 
gitant fraction can be calculated by obtaining the stroke vol¬ 
ume across the mitral valve and cardiac output across the 
aortic valve; however, this technique may be limited by the 
difficulty in measuring mitral annular dimensions accurately 
and obviously is not applicable if there is associated aortic 
regurgitation. 

Acute aortic valvulitis occurs in 20% of cases of RHD but 
most commonly coexists with mitral valvulitis. Approximately 
5% of children may have isolated aortic valve disease during 
the first presentation of RF. Aortic valvulitis is characterized by 
annular dilation, valve thickening, and, in more severe cases, 
prolapse of aortic cusp(s). Aortic valve disease is typically mild at 
its initial presentation but can progress over time to more regur¬ 
gitation, stenosis, or both. 

During the acute phase of RF, the aortic valve should be exam¬ 
ined carefully by 2D imaging to exclude the possibility of a con¬ 
genital bicuspid valve, which may result in incomplete closure 
and/or prolapse of the leaflets. M-mode echocardiography may 
demonstrate premature mitral valve closure. Doppler assess¬ 
ment of the aortic valve in the parasternal long-axis view reveals 
high-velocity turbulent flow below the aortic valve immedi¬ 
ately after valve closure and throughout diastole. As with mitral 
regurgitation, several echocardiographic methods may be used 
to quantitate aortic regurgitation. Reliable predictors of aor¬ 
tic regurgitation severity include Doppler jet width normalized 
to left ventricular outflow tract (LVOT) width in the paraster¬ 
nal long-axis view and holodiastolic abdominal aortic flow 
reversal. 

Pericarditis and myocarditis are rarely, if ever, isolated car¬ 
diac manifestations of RF [30]. Echocardiography can con¬ 
firm the presence of pericardial effusion, evaluate its hemo¬ 
dynamic impact, and monitor resolution and progression (see 
Chapter 36). Myocarditis has not been clearly documented in 





754 Part VII Acquired Pediatric Heart Disease 


RHD without evidence of severe valvulitis [27]. Cardiac function 
on echocardiography in acute RF is more commonly hyperdy¬ 
namic rather than depressed. If impairment of cardiac contrac¬ 
tility is present, it is always in the setting of severe valvar dys¬ 
function and recovery can be expected following improvement 
in valve function [31,32]. Therefore, modern imaging studies 
do not support the presence of clinically significant primary 
myocarditis in the setting of RF [27,33]. 

Chronic rheumatic heart disease 

It is has been estimated that up to 46% of people with estab¬ 
lished RHD have not had a recognized episode of RF [7,34]. 
These individuals may present with cardiac symptoms result¬ 
ing from advanced RHD and its complications (heart failure, 
arrhythmias, infective endocarditis, thromboembolic events, 
pregnancy-related complication, and premature death). To facil¬ 
itate the diagnosis of RHD in individuals without a past his¬ 
tory of RF, and to avoid misdiagnosis, the World Heart Feder¬ 
ation established evidence-based echocardiographic guidelines 
in 2012 (Table 39.4) [29]. These echocardiographic criteria aim 
to guide physicians in the differentiation of mild RHD from 
normal or physiologic valvar regurgitation; they are specifi¬ 
cally designed to be used in high-risk populations. The crite¬ 
ria divide echocardiographic findings into “definite” and “bor¬ 
derline” RHD. The “borderline” group is considered to display 
echocardiographic signs that overlap with normal individuals 
were they not at high-risk for the development of RHD. The 
clinical significance of “borderline RHD” has not been estab¬ 
lished, although clearly the concern is that it may represent early 
RHD in high-risk individuals. Ongoing follow-up and a lower 
threshold for prophylaxis might be considered appropriate in 
this group [29]. 

Chronic mitral valve disease is the most common manifes¬ 
tation of RHD. Over the course of decades, most patients with 
mitral regurgitation progress to mixed disease and then pure 
mitral stenosis [19,35]. RHD is responsible for over 95% of cases 
of mitral stenosis worldwide [36]. In some regions of the world 
where RF remains endemic, progression to severe mitral steno¬ 
sis can be very rapid and affect children as young as 5-10 years of 
age. This has been referred to as “juvenile” or “malignant mitral 
stenosis” [37]. 

In children, isolated pure mitral regurgitation is the most 
common form of chronic RHD and occurs by the same mech¬ 
anism as it does in the acute phase of RF. With time, scarring 
and fibrosis result in restricted movement of the leaflets (Fig¬ 
ure 39.1; Video 39.1). Rheumatic mitral stenosis is the result, 
with gradual thickening, shortening and calcification of the 
chords and leaflets. (Figure 39.2; Video 39.2). Parasternal long- 
and short-axis views best demonstrate these changes in the 
mitral valve. 

In mild mitral stenosis, some leaflet mobility may be pre¬ 
served, resulting in diastolic doming of the anterior leaflet. This 
creates a characteristic “hockey-stick” appearance of the ante¬ 
rior leaflet (Video 39.1). As the disease progresses, the valve 


Table 39.4 World Heart Federation criteria for echocardiographic diagnosis 
of rheumatic heart disease 


Echocardiographic criteria for RHD a 

Definite RHD (either A, B, C or D): 

A Pathologic MR and at least 2 morphologic features of RHD of the 
mitral valve 

B MS mean gradient >4 mmHg 

C Pathologic AR and at least 2 morphologic features of RHD of the 
aortic valve 

D Borderline disease of both the aortic and mitral valves 
Borderline RHD (either A, B or C): 

A At least 2 morphologic features of rheumatic mitral disease without 
pathologic MR or MS 
B Pathologic MR 
C Pathologic AR 

Echocardiographic criteria for pathologic regurgitation 

(all four Doppler criteria must be met) 

Pathologic MR 

1. Seen in 2 views 

2. In at least 1 view jet length 
2 cm b 

3. Peak velocity >3 m/s 

4. Pan-systolic jet in at least 
1 envelope 

Morphologic features of RHD 

Mitral valve 

1. AMVL thickening >3 mm c 

2. Chordal thickening 

3. Restricted leaflet motion 

4. Excessive leaflet tip motion 
during systole 


AMVL, anterior mitral valve leaflet; AR, aortic regurgitation; MR, mitral 
regurgitation; MS, mitral stenosis. 

Congenital anomalies must be excluded. 

b A regurgitant jet length should be measured from the vena contracta to 
the last pixel of regurgitant color (blue or red) on nonmagnified 
(nonzoomed) images. 

C AMVL thickness should be measured during diastole at full excursion. 
Measurement should be taken at the thickest portion of the leaflet and 
should be performed on a frame with maximal separation of chordae from 
the leaflet tissue. 

Source: Remenyi et al. 2012 [29]. Reproduced with permission of Nature 
Publishing Group. 


orifice becomes smaller and even more echo-dense in appear¬ 
ance. Calcification occurs at the leaflet tips, with later extension 
to the annulus. Over time, the leaflets become less pliable and 
more restricted in their mobility. The increased gradient across 
the mitral valve results in increased left atrial pressure and dila¬ 
tion. Pulmonary hypertension and right heart failure eventually 
develop. 

Typical M-mode features of rheumatic mitral stenosis include 
thickening of the leaflets and decrease of the E-F slope. Two- 
dimensional imaging in the parasternal short-axis view provides 
“en face” visualization of the valve orifice (Figure 39.2). The 


Pathologic AR 

1. Seen in 2 views 

2. In at least 1 view jet length 
>1 cm b 

3. Peak velocity >3 m/s 

4. Pan-diastolic jet in at least 
1 envelope 


Aortic valve 

1. Irregular or focal thickening 

2. Coaptation defect 

3. Restricted leaflet motion 

4. Prolapse 
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Figure 39.1 Parasternal long-axis view of 
mitral valve in zoomed color compare mode 
shows “hockey-stick” deformity of anterior 
leaflet. Color Doppler demonstrates the 
posteriorly directed jet of mitral 
regurgitation. LV, left ventricle; MV, mitral 
valve. 



smallest orifice area during maximal diastolic leaflet separation 
may be traced by planimetry to estimate mitral valve area. The 
advantage of this method is that it is not significantly affected by 
heart rate or cardiac output. However, the technique is largely 
operator dependent. 

The severity of mitral stenosis can be determined by nonin- 
vasive means using Doppler echocardiography. Several methods 
are used for quantification of mitral stenosis, including conver¬ 
sion of Doppler velocities to instantaneous and mean pressure 
gradients across the valve, calculation of mitral valve area by 
pressure half-time or flow convergence, the continuity equation, 
and PISA. Doppler flow patterns may vary according to severity 
of obstruction, presence of atrial fibrillation, and coexistence of 
mitral regurgitation. Over time, it is important to use the same 
method to determine severity of mitral stenosis for comparison 
purposes. 

Chronic aortic valve disease manifests primarily as aor¬ 
tic regurgitation. Aortic disease most commonly coexists with 
mitral regurgitation, but in a small percentage of patients, aor¬ 
tic valve disease may be isolated [38]. The early disease pro¬ 
cess is characterized by leaflet prolapse, resulting in a loss of the 
height of the cusp and commissures [39]. With time, the leaflets 
thicken, retract, and the edges roll, giving rise to a central coap¬ 
tation defect (Figure 39.3; Video 39.3). Leaflet thickening, com¬ 
missural fusion, and later calcification all restrict the mobility of 
leaflets and may eventually lead to a mixed hemodynamic effect 
(stenosis and regurgitation). Over the course of decades, pure 
aortic stenosis may develop, although this is rare in children and 
adolescents. (Figure 39.4; Video 39.4). 

The severity of aortic stenosis can be determined by nonin- 
vasive means using Doppler echocardiography. Several meth¬ 
ods are used for quantification of aortic stenosis, including peak 


aortic flow velocity, mean pressure gradient, calculation of aor¬ 
tic valve area, and the LVOT/aortic valve time-velocity inte¬ 
gral ratio. Measurement of LVOT velocity is typically performed 
from the apical 5-chamber view. When performing the exami¬ 
nation, it is important to differentiate the aortic stenosis jet from 
other Doppler-associated findings, such as mitral regurgitation 
or sites of additional LVOT obstruction. Changes in left ventric¬ 
ular function and cardiac output may affect aortic peak velocity 
and mean aortic pressure gradient, such that the severity of aor¬ 
tic stenosis may be under- or overestimated. 

Tricuspid and pulmonary valve disease are less common 
in RHD. Significant tricuspid regurgitation is most often 
the result of advanced left-sided pathology and pulmonary 
hypertension. Organic tricuspid valve disease that results from 
direct rheumatic inflammation is less common, almost always 
coexists with mitral and/or aortic valve involvement, and is 
considered a marker of severity of RHD [40]. As with mitral 
regurgitation, tricuspid valve regurgitation may also progress 
to stenosis. Pulmonary valve involvement is extremely rare but 
has been reported in very severe cases of RHD [38]. As with 
tricuspid valve disease, it is likely to be functional rather than 
the result of direct rheumatic involvement. 

Monitoring disease progression and resolution 

Children and adolescents with mild to moderate RHD are 
generally asymptomatic. Even those with severe, compensated 
RHD frequently report no symptoms. As the disease progresses, 
reduced exercise tolerance, dyspnea, and congestive cardiac fail¬ 
ure are likely to become apparent. Serial echocardiography per¬ 
mits monitoring for disease progression or resolution. In addi¬ 
tion to assessing valve morphology and grading of the severity of 
the valve dysfunction, serial measurements of left atrial size and 
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Figure 39.2 (a) Parasternal short-axis view demonstrates thickened 

mitral valve (MV) leaflets with restricted motion, commissural fusion, and 
lack of coaptation. This image shows the maximal dimension of the MV in 
diastole, (b) Same image at end-systole shows thickened leaflets with a 
coaptation gap. Note the pericardial effusion in both images. RV, right 
ventricle. 

left ventricular size and volume are recommended (Figure 39.5; 
Video 39.5). These measures can be graphed over time to assess 
for significant changes. It is important to note that in the set¬ 
ting of significant mitral and/or aortic regurgitation, dimension- 
based ejection phase indices such as fractional shortening or 


ejection fraction are poor surrogates for cardiac contractility due 
to altered loading conditions. These measures will likely under¬ 
estimate cardiac impairment. 

Valvar intervention 

Echocardiography is useful in (1) guiding the timing of surgery 
in acute and chronic RHD, (2) evaluating suitability for percuta¬ 
neous intervention, and (3) providing imaging during surgical 
repair. It is well documented that even severe acute rheumatic 
valvulitis can improve with medical management [30]. In the 
absence of fulminant heart failure or a flail leaflet, a conserva¬ 
tive approach with careful clinical and echocardiographic re- 
evaluation is recommended. 

In the setting of severe chronic mitral valve regurgita¬ 
tion, there are no clear guidelines to determine the timing 
of surgery in the pediatric population. However, symptoms 
of heart failure and/or impaired systolic left ventricular func¬ 
tion are unequivocal indications for surgery in children and 
adults [41]. In well-compensated disease, ejection fraction or 
fractional shortening should be increased with hyperdynamic 
function. The altered loading conditions mask impaired car¬ 
diac contractility; a reduced or normal fractional shortening/ 
ejection fraction suggests underlying dysfunction and carries 
a potentially poor prognosis. In the adult population, an LV 
end-systolic diameter (LVESD) of >50 mm has been associated 
with poor postoperative outcomes in the setting of severe mitral 
valve regurgitation. Thus, the American College of Cardiology/ 
American Heart Association guidelines recommend surgery 
when the LVESD has reached 40 mm or LV ejection frac¬ 
tion <60%, even in asymptomatic patients (class 1 indication) 
[41]. New onset atrial fibrillation and pulmonary hypertension 
>50 mmHg are considered to be class Ha indications for valve 
surgery [41]. 

In the pediatric population, cut-off values based on LV size 
are not established; however, surgery should be considered when 
the left ventricular end-diastolic diameter z-score is >3 and if the 
LVESD z-score is increasing relative to the end-diastolic value. It 
is likely that over time, the indications for surgical intervention 
will change over time as expertise increases and risk of treatment 
decreases [42, 53]. One of the major determinants of surgery is 
its availability in different countries. Moreover, the level of com¬ 
pliance with antibiotic prophylaxis and/or anticoagulation are 
also important factors to consider. 

Once intervention is required, the focus of echocardiography 
should be to determine the mechanism of valve dysfunction in 
order to guide valve intervention. Some valves, based on mor¬ 
phology and mechanism of dysfunction, will not be suitable for 
repair and will require replacement. Surgical options may also 
depend upon local expertise and resources. In the pediatric age 
group, valve repair remains the treatment of choice when factors 
such as ongoing somatic growth and the need for anticoagula¬ 
tion are considered. 
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Figure 39.3 Parasternal short-axis view in 
color compare mode demonstrates thickened 
and retracted aortic valve leaflets. With color 
Doppler, regurgitation is seen at all 
commissures. Note the dilated left atrium and 
left atrial appendage. 



For the mitral valve, true prolapse of the valve leaflet tips past 
the annulus or hinge points of the valve typically involves the 
anterior leaflet, resulting in a posteriorly directed jet of regurgi¬ 
tation. Prolapse of the posterior mitral valve leaflet is rare. The 
distance of leaflet tip excursion from the site of valve coaptation 
should be measured to guide surgical correction, which can be 
achieved using a number of different techniques that alter chor¬ 
dae and papillary muscle mobility [44]. 

Severe mitral stenosis is relatively uncommon in young chil¬ 
dren; however, it becomes more prevalent in late adolescence. 



Figure 39.4 Parasternal long-axis view demonstrates predominant 
mitral and aortic valve stenosis in chronic rheumatic heart disease. Note the 
restricted opening of mitral valve and thickened aortic valve leaflets. The 
left atrium is markedly dilated. Ao, aorta; LA, left atrium; LV, left ventricle. 


In those patients with primarily mitral stenosis and minimal 
regurgitation, guidelines to assist in the timing of interventions 
are extrapolated from adult data. Echocardiographic evidence 
of pulmonary hypertension >50 mmHg or a mitral valve area 
(MVA) of <1.5 cm 2 are considered to be indications for percuta¬ 
neous balloon mitral valvotomy even in asymptomatic individu¬ 
als, provided that anatomy on echocardiography appears favor¬ 
able [41]. The echocardiographic Wilkins score [45] provides 
guidance regarding the suitability of the mitral valve morphol¬ 
ogy for percutaneous balloon mitral valvotomy (Table 39.5). It 
considers the degree of (1) valve calcification, (2) leaflet mobil¬ 
ity, (3) leaflet thickening, and (4) disease of the subvalvar appa¬ 
ratus. Each item is graded on increasing severity from 0 to 4, 
with 0 being normal and 4 being the most abnormal. A score of 
8 or less predicts a good result from mitral balloon valvotomy. 
In the pediatric population, indications are less clear-cut. Most 
children with mitral stenosis are asymptomatic even with mod¬ 
erate inflow gradients, Therefore, it is useful to ask about exercise 
limitation or to remeasure the mitral valve inflow gradient after 
a short burst of exercise. 

Indications for surgery in adults with severe aortic regur¬ 
gitation are symptomatic status, impaired ejection fraction 
(<50%), enlarged LVESD >55 mm and/or end-diastolic dimen¬ 
sion >75 mm (class I indications) [41]. In young children, evi¬ 
dence of left ventricular dilation should be based on z-scores; 
however, cut-off values to help guide the timing of cardiac 
surgery have not been clearly defined. A retrospective study of 
patients undergoing the Ross procedure for nonrheumatic aortic 
valve disease determined that the recovery of LV function was 
less likely when the LVEDD had exceeded a z-score of +4 and 
that surgery should be considered when the z-score approaches 
or exceeds +3 [46]. Timing of aortic valve surgery in children is 
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Figure 39.5 (a) Apical 4-chamber view at end-diastole demonstrates severely dilated left atrium and left ventricle with thickened mitral valve leaflets, 

(b) Same image in end-systole shows the immobile and retracted posterior leaflet, (c) Color Doppler of the same image demonstrates a jet of significant 
mitral regurgitation. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 


also impacted by whether the valve can be repaired or requires 
replacement. Rheumatic aortic valve disease typically results in 
leaflet retraction with loss of leaflet height. This loss of leaflet 
height draws the free edges of the leaflet away from the opposing 
leaflets, leading to aortic regurgitation. This abnormality may 


sometimes be corrected by patch augmentation of the leaflets 
[39,47]. 

RHD commonly manifests as multi-valve disease. A proxi¬ 
mal valve lesion may modify the hemodynamic effects of the 
distal lesion by altering loading conditions. For example, severe 
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Table 39.5 Grading of mitral valve characteristics from the echocardiographic examination in adults 


Grade 

Mobility 

Subvalvar thickening 

Leaflet thickening 

Calcification 

1 

Highly mobile valve with only 

Minimal thickening just below 

Leaflets near normal in 

A single area of increased 


leaflet tips restricted 

the mitral valve leaflets 

thickness (4-5 mm) 

echo brightness 

2 

Mid and base portions of 

Thickening of chordal structures 

Mid-leaflets normal. 

Scattered areas of brightness 


leaflet have normal mobility 

extending up to one-third of 
the chordal length 

considerable thickening of 
margins (5-8 mm) 

confined to the leaflet 
margins 

3 

Valve continues to move 

Thickening extending to the 

Thickening extending through 

Brightness extending into the 


forward in diastole, mainly 
from the base 

distal third of the chords 

the entire leaflet (5-8 mm) 

mid-portion of the leaflets 

4 

No or minimal forward 

Extensive thickening and 

Considerable thickening of all 

Extensive brightness 


movement of the leaflets in 

diastole 

shortening of all chordal 
structures extending down to 
the papillary muscles 

leaflet tissue (>8-10 mm) 

throughout much of the 
leaflet tissue 

Source: 

Wilkins et al. 1988 [45]. Reproduced with permission of BMJ Publishing Group Ltd. 



mitral stenosis may lead to underestimation of the significance 
of aortic valve stenosis. Conversely, significant mitral regurgita¬ 
tion may lead to overestimation of the severity of mitral stenosis. 
Currently, there are insufficient data available to make any spe¬ 
cific recommendations in mixed-valve and multi-valve lesions. 
Generally, clinical symptoms and the nature of the predominant 
lesion should dictate the timing of cardiac intervention. 

3D echocardiography 

In addition to standard 2D imaging, 3D echocardiography may 
provide additional useful information to guide surgical repair. 
3D datasets allow for better appreciation of some valve prob¬ 
lems, such as extent and region of prolapse. It further permits the 
display of information to surgical colleagues in a more familiar 



Figure 39.6 3D image en face view from the right ventricular side of the 
tricuspid valve in a patient with rheumatic tricuspid valve stenosis. Note 
the thickened leaflets with the “rolled” edges. 


format. Moreover, 3D allows the visualization of this informa¬ 
tion in the beating heart demonstrating the dynamic nature of 
such changes in vivo. (Figure 39.6; Video 39.6). 


Secondary prophylaxis 

Whenever possible, the duration of secondary antibiotic prophy¬ 
laxis for the prevention of RF recurrences should be based on 
echocardiographic findings using local or regional guidelines. In 
general, prophylaxis is recommended until age 21 years in pedi¬ 
atric patients. Extension of prophylaxis is then based on sever¬ 
ity of underlying residual disease. The Australian Guidelines are 
shown in Table 39.6. 


Screening 

In populations with a high burden of RF/RHD, echocardio¬ 
graphic screening may identify individuals during the sub clin¬ 
ical phase of RHD, with the aim of initiating secondary pro¬ 
phylaxis. The 2012 World Health Federation echocardiographic 
guidelines were developed to facilitate this approach to RHD 
control by trying to differentiate the upper range of normal find¬ 
ings from mild RHD in children [29]. Prior to recommending 
population-based screening for RHD on the global stage, a num¬ 
ber of issues must be addressed. These include, but are not lim¬ 
ited to, achieving a better understanding of the natural history 
of subclinical disease, consideration of the cost-effectiveness 
of such programs, and overcoming the worldwide shortage of 
individuals who can perform echocardiograms. Perhaps most 
importantly, existing evidence-based practices that are known to 
improve outcome, such as register-based control programs and 
effective delivery of secondary prophylaxis, must be strength¬ 
ened before routine RHD screening can be considered [48]. 
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Table 39.6 Duration of secondary prophylaxis for patients with RHD Videos 


To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 39.1 Parasternal long-axis view in zoomed color compare 
mode shows “hockey-stick” deformity of anterior leaflet of the 
mitral valve, with immobile posterior leaflet, lack of leaflet coapta¬ 
tion and a dilated left atrium. Color Doppler demonstrates the pos¬ 
teriorly directed jet of mitral regurgitation. 

Video 39.2 Parasternal short-axis view demonstrates mixed mitral 
valve disease. Note the thickened leaflets with restricted motion par¬ 
ticularly of the posterior leaflet, and commissural fusion anteriorly 
There is lack of coaptation with mitral regurgitation occurs along 
the entire length of the anterior/posterior leaflet commissure. Note 
also the small pericardial effusion. 

Video 39.3 Parasternal short-axis view in color compare mode 
demonstrates thickened and retracted aortic valve leaflets especially 
affecting the noncoronary cusp. With color Doppler, regurgitation 
is seen at all commissures. Note the dilated left atrium and left atrial 
appendage. 

Video 39.4 Parasternal long-axis view demonstrates predominant 
mitral and aortic valve stenosis in chronic rheumatic heart disease. 
Note the restricted opening of mitral and aortic valves. There is also 
a significant coaptation gap of the aortic valve. The left atrium is 
markedly dilated. 

Video 39.5 Apical 4-chamber view shows a markedly dilated left 
atrium. Both leaflets of the mitral valve are thickened with an immo¬ 
bile and retracted posterior leaflet but greater excursion of anterior 
leaflet. 

Video 39.6 3D image in the left atrial view of a rheumatic mitral 
valve demonstrating prolapse of A1-3 cusps with “rolled” edges. 
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Category Definition of category 


Duration 


All persons with RF or RHD a 


Status after initial time period elapsed: 

No RHD No pathologic mitral or 

aortic regurgitation, but 
may have minor 
morphologic changes to 
mitral or aortic valves on 
echocardiography 
Mild RHD Mild mitral or aortic 

regurgitation clinically and 
on echocardiography, with 
no clinical evidence of 
heart failure, and no 
evidence of cardiac 
chamber enlargement on 
echocardiography 
Moderate • Any valve lesion of 
RHD moderate severity clinically 

(e.g., mild-moderate 
cardiomegaly and/or 
mild-moderate heart 
failure) or on 
echocardiography 

• Mild mitral regurgitation, 
together with mild aortic 
regurgitation clinically or 
on echocardiography 

• Mild or moderate mitral or 
aortic stenosis 

• Any pulmonary or 
tricuspid valve lesion 
coexisting with a 
left-sided valve lesion 

Severe • Any severe valve lesion 

RHD clinically (e.g., moderate 

to severe cardiomegaly or 
heart failure) or on 
echocardiography 

• Any impending or 
previous cardiac valve 
surgery for RHD 


Minimum 10 years after 
most recent episode 
of RF or until 21 years 
(whichever is longer) 

Discontinue at that 
time 6 


Discontinue at that time 


Continue until 35 years 
of age 


Continue until 40 years 
of age, or longer 0 


a Patients >25 years of age who are diagnosed with RHD, without any 
documented history of prior RF, should receive prophylaxis until the age of 
35 years. At this time they should be reassessed to determine whether 
prophylaxis should be continued. 

^Decisions to cease secondary prophylaxis should be based on clinical and 
echocardiographic assessment. 

c Risk of recurrence is extremely low in people aged >40 years. In some 
cases, for example, when the patient decides that they want to reduce even 
a minimal risk of recurrence, prophylaxis may be continued beyond the age 
of 40 years, or even for life. 

Source: Adapted from RHD Australia (RF/RHD Writing Group), National 
Heart Foundation of Australia, and the Cardiac Society of Australia and 
New Zealand 2012 [18]; 

http://www.rhdaustralia.org.au/resources/arf-rhd-guideline. 
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CHAPTER 40 


Infective Endocarditis 


Manfred Otto Vogt and Andreas Kuhn 

Department of Pediatric Cardiology and Congenital Heart Disease, Deutsches Herzzentrum Miinchen, Technische Universitat Miinchen, Munich, Germany 


Definition 

Infective endocarditis (IE) is a subacute infectious disease of the 
heart and its surrounding vessels that carries a very high risk 
of morbidity and mortality. Unfortunately, a clear-cut diagno¬ 
sis of IE is rare in patients with congenital heart disease (CHD) 
and is reserved for those who fulfill the classic Oslerian mani¬ 
festations: bacteremia or fungemia, evidence of active vasculitis, 
and/or peripheral emboli (Figure 40.1) and immunologic vascu¬ 
lar phenomena. In most cases the clinical presentation is quite 
variable and therefore the diagnosis is related to an evidence- 
based scoring system that includes clinical, microbiological and 
echocardiographic findings (Tables 40.1 and 40.2). The Duke 
criteria [1] and their modification in 2000 [2] have been vali¬ 
dated not only in adults but also in children [3,4]. It should be 
kept in mind that the Duke criteria were developed primarily to 
facilitate epidemiologic and clinical research efforts so that data 
could be compared between different centers and countries. In 
present clinical practice these criteria serve as a guide for diag¬ 
nosing IE but can never replace final clinical judgment. 

Incidence 

The incidence of IE in infancy and childhood is unknown as 
no data exist from a population-based cohort. Overall, the inci¬ 
dence of IE appears to be increasing but in absolute terms it is rel¬ 
atively rare in children. CHD now constitutes the predominant 
underlying condition for IE in children over the age of 2 years in 
developed countries [5]. Some of the cases in this age group are 
due to the complexity of neonatal and pediatric intensive care 
and may be related to indwelling catheters and instrumentation 
in this population (Video 40.1). 

In pediatric hospitals, IE accounts for about 1 in 1280 pedi¬ 
atric admissions per year [6]. In patients with CHD, ventricular 
septal defect, patent ductus arteriosus, aortic valve abnormali¬ 
ties (e.g., bicuspid aortic valve), and tetralogy of Fallot are the 
most common underlying conditions in which IE occurs. IE may 


afflict such patients before surgical intervention, but an increas¬ 
ing proportion of patients have had previous corrective or pal¬ 
liative surgery [7-10]. 

Corrective surgery without residual defects essentially elimi¬ 
nates the increased risk of IE within 6 months of surgery for ven¬ 
tricular and atrial septal defects and/or patent ductus arteriosus. 
The highest annual risk for IE has been found in children with 
repaired or palliated cyanotic CHD [10]. Palliative shunt proce¬ 
dures (Video 40.2) or complex intracardiac repairs increase the 
risk for postoperative IE [8]. The risk is highest amongst patients 
who have had prosthetic aortic valve replacement (Figure 40.2; 
Video 40.3) or operations performed because of reduced pul¬ 
monary blood flow. In those patients with prosthetic valves or 
conduits, the risk for IE is high even in the immediate postop¬ 
erative period (first 2 weeks after surgery) whereas for all other 
patients with residual defects the risk increases with time after 
surgery [11]. 

Children with congenital or acquired immunodeficiencies but 
without identifiable risk factors for IE (such as central venous 
catheters) do not appear to be at increased risk for IE com¬ 
pared with the general population [5]. Intravenous (IV) drug 
use is infrequent in childhood but the incidence is rising in ado¬ 
lescence and adulthood. The incidence of IE in IV drug users 
is unknown [12] but 1.5 to 3.3 cases per 1000 person-years 
[13,14] is a conservative estimate. IE is more frequent in HIV- 
seropositive IV drug users than in HIV-seronegative patients 
[15]. It may be difficult to diagnose IE correctly in febrile IV 
drug users because 35% do not present with a heart murmur on 
admission [16]. The predilective site of infection in this group is 
typically the tricuspid valve even in those with structurally nor¬ 
mal hearts (Figure 40.3). 

In the adult population, the incidence of IE is approximately 
5 episodes/100,000 person-years if IV drug users are excluded 
[17]. Apart from pre-existing structural heart disease which 
accounts for three-quarters of all cases of IE, pacemaker and 
defibrillator implantations also account for a significant number 
of episodes of IE (Figure 40.4) [18]. In a recent large multicenter 
study of 2760 patients with proven IE, 6.4% (177) occurred in 
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Figure 40.1 An Osier node of the first toe as a typical dermatologic sign of 
bacterial infective endocarditis. 


patients with cardiac devices [19]. IE in patients who have sep¬ 
tal defect occluder devices is rare but has been reported [20]. 
New interventional techniques such as percutaneous pulmonary 
valve implantation also denote risk of IE but long-term follow¬ 
up remains to be seen [21]. 

A particularly vulnerable group at risk for IE is the adult 
population with CHD. IE accounts for 4% of hospital admis¬ 
sions of adults with CHD in specialized centers [22]. In unop¬ 
erated or palliated CHD, the most common sites of IE are ven¬ 
tricular septal defect, left ventricular outflow tract and mitral 
valve. In those with repaired CHD, IE is most commonly seen 
in those with repaired tetralogy of Fallot and atrioventricular 
canal defects (Figure 40.5; Video 40.4) [23]. An isolated atrial 
septal defect (unrepaired or later than 6 months after oper¬ 
ation/catheter intervention) has not been associated with an 
increased risk for IE in any age group. 


Etiology and pathogenesis 

The pathogenesis of IE is characterized by the triad of endothe¬ 
lial damage, platelet adhesion and microbial adherence to the 
vegetation or intact valvar tissue [24]. An intact endothelium 
within the heart is generally a poor stimulator of blood coag¬ 
ulation and therefore not predestined for bacterial attachment 
[5]. However, in children with CHD, abnormal high-velocity 
jet streams of blood (as seen in such lesions as ventricular sep¬ 
tal defect, patent ductus arteriosus, aortic or pulmonary valve 
stenosis, or regurgitant atrioventricular valves) lead to damage of 
the endothelium due to shear stress forces and activation of the 
prothrombotic cascade in the circulating blood. Subsequently, 
a sterile platelet-fibrin deposition on the endothelial lesion pro¬ 
vides a milieu for bacterial colonization. In addition to CHD, the 
administration of indwelling intravenous catheters into the right 


Table 40.1 Definition of terms used in the Duke criteria for the diagnosis of 
infective endocarditis (IE)* 


Major criteria 

1 Positive blood culture for IE 

• Typical microorganism consistent with IE from two separate blood 
cultures: viridans streptococci. Streptococcus bovis, HACEK group. 
Staphylococcus aureus, or community-acquired enterococci in the 
absence of a primary focusf OR 

• Microorganisms consistent with IE from persistently positive blood 
cultures defined as follows: at least two positive cultures of blood 
samples drawn >12 h apart, or all of three or a majority of four or 
more separate cultures of blood (with first and last samples drawn at 
least 1 h apart) 

• Single positive blood culture for Coxiella burnetii or 
anti-phase 1 IgG antibody titer >1:800 

2 Evidence of endocardial involvement 

• Echocardiogram positive for IE defined as: 

[TEE is recommended for patients with: (i) prosthetic valves; 
(ii) at least "possible IE" by clinical criteria; or (iii) complicated 
IE (paravalvular abscess); TTE as first test in other patients] 

° Oscillating intracardiac mass on valve or supporting structures in 
the path of regurgitant jets, or on implanted material in the 
absence of an alternative anatomic explanation; OR 
° Presence of an abscess, OR 
° New partial dehiscence of prosthetic valve, OR 
° New valvar regurgitation (worsening or changing or pre-existing 
murmur not sufficient) 

Minor criteria 

1 Predisposition, predisposing heart condition, or intravenous drug use 

2 Fever, temperature >38°C 

3 Vascular phenomena including major arterial emboli, septic pulmonary 
infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival 
hemorrhages, and Janeway lesions 

4 Immunologic phenomena: glomerulonephritis. Osier nodes, Roth 
spots, and rheumatoid factor 

5 Microbiologic evidence: positive blood culture but does not meet a 
major criterion as noted above or serologic evidence of active infection 
with organism consistent with IE 

6 Echocardiographic minor criteria eliminated 


TEE, transesophageal echocardiography; TTE, transthoracic 
echocardiography. 

* Modifications shown in bold typeface. 

Excludes single positive cultures for coagulase-negative staphylococci and 
organisms that do not cause endocarditis. 

Source: Li JS, et al. 2000 [2], Reproduced with permission of Oxford 
University Press. 


side of a structurally normal heart may traumatize the endo¬ 
cardium or valvar endothelium by exposing the subendothelial 
collagen [25]. This is one of the major mechanisms resulting in 
IE of the newborn. 

Once the inciting lesion has been formed, bacteremia must 
be present to colonize the vegetation. Even in the presence of an 
endothelial lesion and a sterile thrombus formation, not every 
bacteremia event leads to IE. Bacteria must be able to survive 
in the bloodstream in sufficient numbers and adhere to the 
platelet-fibrin-fibrinectin complex on the lesion. Organisms 
such as Staphylococcus aureus , Streptococcus viridans , Strep¬ 
tococcus pneumoniae , HACEK organisms and group A, C and 
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Table 40.2 Definition of infective endocarditis (IE) according to modified 
Duke criteria* 


Definitive IE 

1 Pathological criteria 

• Microorganisms demonstrated by culture or histologic examination 
of a vegetation, a vegetation that has embolized, or an intracardiac 
abscess specimen, OR 

• Pathologic lesions: vegetation or intracardiac abscess present, 
confirmed by histology showing active endocarditis 

2 Clinical criteria 

• Two major criteria, or 

• One major criterion and three minor criteria, or 

• Five minor criteria 

Possible IE 

1 One major criterion and one minor criterion 

2 Three minor criteria 

Rejected 

1 Firm alternative diagnosis explaining evidence of IE, OR 

2 Resolution of IE syndrome with antibiotic therapy for <4 days, OR 

3 No pathologic evidence of IE at surgery or autopsy, with antibiotic 
therapy for <4 days, OR 

4 Does not meet criteria for possible IE as above 


* Modifications shown in bold typeface. 

Source: Li JS, et al. 2000 [2], Reproduced with permission of Oxford 
University Press. 


G streptococci as well as Candida albicans are known to have 
specific surface receptors for fibronectin that promote the adhe¬ 
sion of bacteria to the thrombus formation [26]. After adhesion, 
the microorganisms are trapped within the vegetation and thus 
protected from phagocytic cells and other host defense mecha¬ 
nisms [5]. Within the growing vegetation, proliferation is pos¬ 
sible up to a maximum bacterial density of 10 7 to 10 10 colony¬ 
forming units per gram of tissue [27,28]. 



Figure 40.2 Transesophageal echocardiographic view of the left ventricular 
outflow tract (LVOT) after mechanical valve replacement, showing a 
subvalvular echogenic mass from the anterior portion of the valve ring 
indicating infective endocarditis. 



Figure 40.3 Transthoracic echocardiographic apical 4-chamber view 
showing a mass fixed to the atrial aspect of the septal leaflet of the tricuspid 
valve, as is typical in intravenous drug users. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 

Morphology and classification 

The morphology of IE vegetations is dependent on the loca¬ 
tion of the endothelial lesion and typically follows the “patho¬ 
logic” bloodstream. When IE occurs in association with a ven¬ 
tricular septal defect, the vegetation is typically visualized on the 
right ventricular aspect of the septum and/or on the site where 
the high-velocity jet strikes the right ventricular free wall (Fig¬ 
ure 40.6). In the case of patent ductus arteriosus, the vegetation 
may float through the pulmonary opening of the ductus into the 
main pulmonary artery (Figure 40.7; Video 40.5). With regur¬ 
gitant atrioventricular valves, the lesion is usually located on 
the atrial side (Figure 40.8; Video 40.6). Vegetations on valves 
may cause perforation (Figure 40.9; Video 40.7), or chordal 



Figure 40.4 Transesophageal echocardiogram in the sagittal plane (90°) of 
an atrial pacemaker lead with fixation to the anterior wall of the right 
atrium. Multiple mobile vegetations can be seen adherent to the lead. LA, 
left atrium; RA, right atrium. 
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Figure 40.5 Transesophageal echocardiogram in the left ventricular 
outflow tract (LVOT) plane (120-140°) of a patient after repair of 
atrioventricular canal defect demonstrating a large echogenic mass 
adherent to the “posterior” leaflet of the left atrioventricular valve and 
another smaller mass fixed to the “anterior” leaflet. LA, left atrium; LV, left 
ventricle. 


Figure 40.7 Transthoracic echocardiogram in the parasternal short-axis 
view demonstrates a thin vegetation originating from a small persistent 
ductus arteriosus. The mass is directed toward the main pulmonary artery 
(MPA) similar to the direction of blood flow. LPA, left pulmonary artery; 
RPA, right pulmonary artery. 


rupture, but can also extend to the outside of the valve into sur¬ 
rounding structures (Figure 40.10). When semilunar valves are 
affected, the primary vegetation is typically on the ventricular 
surface of the valve (Figure 40.11) but may also extend more 
proximally through the valve into the supravalvar region in sys¬ 
tole (Video 40.8). When the aortic valve is affected, perforation 
through the annulus into the myocardium or into either atria is 
possible. Newly acquired atrioventricular block (Figure 40.12) 
together with clinical suspicion of IE may be a strong indicator 
for the presence of para-aortic ring abscess (Figure 40.13) [29]. 



Figure 40.6 Transesophageal echocardiogram in the sagittal plane (90°) of 
a patient with a small restrictive ventricular septal defect (VSD) under the 
aortic valve. A large vegetation is seen at the site of the jet-lesion on the 
anterior right ventricular wall just below the pulmonary artery (PA). Ao, 
aorta. 


In a series of 153 patients [30], the major underlying car¬ 
diac lesion associated with IE in childhood was the unoper¬ 
ated ventricular septal defect (30%) (Figure 40.6) followed by 
mitral regurgitation (15%) (Figure 40.14) and bicuspid aor¬ 
tic valve (9%) (Figure 40.15; Video 40.9). In patients who 
undergo palliative surgery, infected aorto-pulmonary shunts 
(80%) predominate. In those who have corrective surgery, 
the most common sites for development of IE include right 
ventricle-to-pulmonary artery valved conduits (27%) (Figure 
40.16; Video 40.10), prosthetic valves (22%) and ventricular sep¬ 
tal defect patch (22%) (Table 40.3; Figure 40.17) [30,31]. Endo¬ 
carditis on prosthetic valves usually initiates on the valvar cuff 



Figure 40.8 Transesophageal echocardiogram in the left ventricular 
outflow plane (120-140°) demonstrates multiple echogenic masses 
attached to the atrial side of the mitral valve leaflets. Ao, aorta; LA, left 
atrium; LV, left ventricle; MV, mitral valve. 
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Figure 40.9 Transesophageal echocardiogram of the same patient as in 
Figure 40.8. Color Doppler shows newly acquired mitral regurgitation 
through a perforation in the posterior leaflet of the mitral valve. Ao, aorta. 




Figure 40.11 Transesophageal echocardiogram in the left ventricular 
outflow tract plane (120-140°) demonstrates native aortic valve 
endocarditis with a large globular vegetation on the ventricular side of the 
semilunar valve. Ao, aorta; LA, left atrium; LV, left ventricle. 


(Figure 40.2; Video 40.3) and often extends outside the annu¬ 
lus, causing dehiscence (Figure 40.18; Video 40.1 1) and myocar¬ 
dial involvement [24]. Mechanical prosthetic valves appear to 
have higher risk for IE in the early period after surgery whereas 
the risk with bioprosthetic valves appears to be higher later on 
[32,33]. Implantable rings appear to have the lowest risk [34]. 

Pathophysiology 


Figure 40.10 Transesophageal echocardiogram in the sagittal plane (90°) 
demonstrates an aortic ring abscess with perforation into the left atrium 
(LA). The underlying heart disease was a calcified stenotic aortic valve. Ao, 
aorta; LV, left ventricle. 


The pathophysiologic consequences of IE are primarily defined 
by the underlying CHD and the complications that arise from 
the insult, such as valvar obstruction, regurgitation and/or 
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Figure 40.12 Electrocardiogram demonstrating newly acquired atrioventricular block in a patient with aortic valve replacement who developed a 
paravalvular abscess. A transesophageal echocardiogram of this patient is shown in Figure 40.13 and Video 40.14. 
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Figure 40.13 Transesophageal echocardiogram at 42° demonstrating a 
large paravalvular ring abscess years after aortic valve replacement with a 
mechanical St. Jude Medical valve. 


perforation, ventricular dysfunction, embolic phenomena and 
conduction disturbances. Age at presentation and location of IE 
(right-sided versus left-sided) also play a pivotal role. In new¬ 
borns, symptoms are generally related to septicemia rather than 
cardiac failure [35,36]. In children with systemic-pulmonary 
artery shunts, increasing cyanosis may be the primary symptom 
together with pulmonary findings related to septic pulmonary 
embolization [37]. 

In adult patients with left-sided IE, congestive heart failure 
is one of the complications with greatest impact on progno¬ 
sis [38-40]. Moderate to severe heart failure is identified as 
one of independent risk factors for 6-month mortality along 
with abnormal mental status, bacterial, etiology other than viri- 
dans streptococci and medical therapy without valve surgery 
[38]. The severity of symptoms is often not influenced by 
appropriate antibiotic therapy. Compensation of heart failure is 
dependent on the valve affected, with acute aortic regurgitation 



Figure 40.14 Transthoracic echocardiogram in the subcostal frontal view 
of a single mobile vegetation on the left atrial side of the anterior mitral 
leaflet. LA, left atrium; LV, left ventricle; RA, right atrium. 



Figure 40.15 Transesophageal echocardiogram at 114° demonstrates a 
bicuspid aortic valve with a mobile vegetative mass on the posterior cusp 
and an immobile lesion on the anterior cusp such that the leaflets have a 
significant coaptation gap when closed. Ao, aorta; LV, left ventricle. 



Figure 40.16 Transesophageal echocardiogram at 60° in a patient after the 
Ross operation with right ventricle (RV)-to-pulmonary artery (PA) conduit 
using a valved pulmonary homograft. There is a large vegetation attached 
to the homograft valve. Ao, aorta. 


Table 40.3 Patients with congenital heart disease (CHD) at risk for infective 
endocarditis 


Patients without surgery 

Ventricular septal defect, patent ductus arteriosus, atrioventricular canal 
defect, tetralogy of Fallot, mitral valve prolapse, bicuspid aortic valve, 
aortic valve stenosis, mitral valve regurgitation, pulmonary valve stenosis, 
complex CHD 

Patients with previous palliation 

Aorto-pulmonary shunt, pulmonary banding, aortic/pulmonary conduit 

Patients with corrective surgery - increasing risk with residual 
lesion 

Ventricular septal defect patch (simple and complex), tetralogy of Fallot 
repair, prosthetic valve implantation, atrioventricular canal repair, 
aortic/mitral valve surgery, coarctectomy, complex CHD, pacemaker 
implantation 
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Figure 40.17 Transthoracic echocardiogram in a subcostal frontal view 
demonstrates a ventricular septal defect (VSD) that has been closed with a 
GORE-TEX patch. On the right ventricular surface, several finger-shaped 
vegetations can be seen. LA, left atrium; RA, right atrium. 

being tolerated the least and acute tricuspid regurgitation being 
tolerated the best. Congestive heart failure will develop acutely 
when there is perforation of a native or bioprosthetic valve 
leaflet, acute valve dehiscence, rupture of an infected mitral 
chord, obstruction to outflow from a bulky vegetation, or sud¬ 
den intracardiac shunt from a fistulous tract [12]. 

Imaging 

Key elements 

The objectives of echocardiographic examination in the setting 
of infective endocarditis can be summarized as follows: 

• Identify masses/vegetation within the heart and/or its sur¬ 
rounding vessels. 



Figure 40.18 Transesophageal echocardiogram in the LVOT plane just 
prior to surgery for infective endocarditis of a mechanical valve prosthesis 
with aortic ring abscess and incomplete dissection of the valve. 

Intraoperatively, the valve was noted to be held in place by only two 
stitches. Ao, aorta. 


• Determine the location, size, extent and number of IE lesions. 

• Assess the severity of intracardiac damage as a result of the 

vegetation: 

° severity of valvar regurgitation; 

° perforation of valve leaflets; 

° development of paravalvular abscess or fistula formation; 

° for prosthetic valves, determine if dehiscence has occurred. 

• Assess whether the vegetation is mobile or adherent. 
Echocardiography is the gold standard of imaging in cases of 
suspected IE in any age group. However, echocardiography is 
not an appropriate screening test in the evaluation of patients 
with fever or a positive blood culture when IE is not suspected 
by any other clinical criteria. The classic echocardiographic find¬ 
ings defined as major criteria for IE in the Duke classification 
are vegetation, abscess, perivalvular involvement and new dehis¬ 
cence of a prosthetic valve [12]. The vegetation as the hallmark 
lesion of IE typically presents as a high frequency oscillating 
mass attached to a valve, other endocardial structures or on 
implanted intracardiac material [2]. The motion of the vege¬ 
tation during the heart cycle is typically independent to that 
of the structure to which it is attached. In some cases vege¬ 
tations can also present as non-oscillating masses with atypi¬ 
cal locations. From an imaging standpoint, abscesses present as 
thickened, nonhomogenous perivalvular areas with echodense 
or echolucent appearance [41]. Abscess formation may lead to 
other perivalvular complications such as perforation, pseudoa¬ 
neurysm and fistula formation as well as conduction abnormal¬ 
ities. In pseudoaneurysms, color Doppler demonstrates blood 
flow between the cardiovascular lumen and a perivalvular cavity 
whereas fistulae are characterized by communications between 
two neighboring heart cavities through a perforation [41]. In 
prosthetic valves with dihiscence, echocardiography identifies 
paravalvular regurgitation with or without rocking motion of the 
prosthesis. 

Transthoracic versus transesophageal imaging 

The first-line diagnostic tool should be a transthoracic echocar¬ 
diogram (TTE) regardless of age. When the acoustic window 
is inadequate or the suspicion of IE is high but TTE does not 
demonstrate a lesion, then transesophageal echocardiography 
(TEE) should be performed without delay TTE can often visu¬ 
alize even small vegetations [42] but its sensitivity is estimated 
to be 81% [43-45]. In a small pediatric series of patients with IE, 
TTE was compared with TEE, and a sensitivity of 86% was found 
for detection of all events [46]. However, one of three patients 
with abscess formation and one of 14 with an intracardiac vege¬ 
tation was missed on TTE. Even when TTE findings are positive, 
TEE may be required to assess for a paravalvular abscess. Almost 
every patient with suspected IE of a prosthetic valve should have 
a TEE. 

In adults, TEE is superior in detecting vegetations measuring 
less than 5 mm, with a sensitivity of more than 90% [47]. It is also 
the best modality to diagnose prosthetic valve endocarditis and 
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Figure 40.19 Parasternal long-axis view in a patient after the Ross 
operation demonstrating an echogenic mass on the ventricular side of the 
neo- aorta. There is also thickening of the mitral valve in the region of the 
mitral-aortic fibrous continuity as an indicator of infiltration. Ao, aorta; 

LA, left atrium; LV, left ventricle; MV, mitral valve. 

paravalvular abscesses [48,49]. In patients with a high probabil¬ 
ity of IE but an initially negative TEE, a repeat TEE after an inter¬ 
val of 7-10 days may be indicated when clinical suspicion per¬ 
sists [50]. Some findings, like tricuspid vegetations (Video 40.12) 
or abnormalities of the right ventricular outflow tract may occa¬ 
sionally be better visualized with TTE than with TEE because of 
distance of finding from the focal point of the probe [51,52]. 

Initial screening by TTE in patients with CHD should focus 
on the underlying heart defect and the knowledge that IE is pri¬ 
marily located on the site of the endothelial jet lesion. Using the 
2D modality, any unknown echogenic mass that moves faster 
than the surrounding cardiac structures is highly suspicious for 
IE (Figure 40.19; Video 40.13). In some patients with resolving 
IE, the vegetation may become calcified and thus, less mobile. 
New vegetations will typically move with a high frequency (i.e., 
an oscillating mass) whereas calcifications will usually have the 
same motion as the valve itself. Color Doppler is a sensitive 
modality for detecting pathologic flow patterns at the ventric¬ 
ular, valvar or vessel level, and is helpful in discriminating the 
site of a possible endothelial lesion, perivalvar leak or fistula. 

Once the diagnosis is established and the site of the infection 
located, TTE/TEE is mandatory to describe the extent of valvar 
damage and to monitor cardiac function and the possible hemo¬ 
dynamic consequences of IE, such as pulmonary hypertension 
due to mitral regurgitation or acute volume load of the left ven¬ 
tricle due to aortic perforation (Table 40.4). 

Imaging of the adult 

Adults with CHD often present with limited TTE windows. 
Therefore, TEE is indicated as a first-line imaging modality 
when IE is suspected [53,54]. A rare localization of IE in the adult 
that may be easily missed on TTE is the Eustachian valve (Fig¬ 
ure 40.20; Video 40.14) [55]. Pulmonary embolism may be the 
first clinical sign in this right-sided endocarditis; TEE is often 


Table 40.4 Goals of echocardiography for infective endocarditis (IE) in 
congenital heart disease 


Diagnosis of IE 

Site and extent of vegetation 

Description of valvar function 

Monitoring of hemodynamic consequences 

Monitoring of cardiac function - ventricular performance 

Detection of pericardial effusion - myocardial abscess 

Therapeutic decision 

Indication for surgery - based on vegetation size/location 
Prediction of embolic events 

Monitoring of treatment 

Monitoring of conservative therapy 
Intraoperative echocardiography 
Post-treatment echocardiography 


performed in order to detect thrombus formation once pul¬ 
monary embolism is diagnosed. 

Preoperative assessment 

Echocardiography should be performed in cases of systemic 
embolism such as brain (Figure 40.21) or other organ abscess 
(Figure 40.22) to assess for intracardiac vegetation. In addition 
to making the diagnosis of IE, echocardiography can diagnose 
high-risk complications such as pseudo-aneurysm, valvar per¬ 
foration or valve or patch dehiscence, and can identify evidence 
of decompensated heart failure with a potential need for surgery 
[56]. The incidence of systemic embolism in IE ranges from 13% 
to 49% and may greatly influence mortality rate. In a prospective 
study, vegetation length exceeding 15 mm was an independent 
predictor of 1-year mortality [57]. 

When considering early surgery to avoid embolization, veg¬ 
etation size and mobility must be taken into account, as well 
as bacteriologic and other clinical factors [58]. Early surgery in 
patients with left-sided IE, severe valve disease and large vegeta¬ 
tions seems to reduce the risk of embolic events and death from 



Figure 40.20 Transesophageal echocardiogram in the sagittal view (90°) of 
the inferior vena cava-right atrium (RA) junction showing two large 
vegetations attached to the Eustachian valve. 
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Figure 40.21 Cranial computed tomogram of a patient with 
Staphylococcus aureus endocarditis after mechanical aortic valve 
replacement. After contrast enhancement a 2-cm abscess is seen in the left 
parasagittal parietal region. 



Figure 40.22 Computed tomogram of the abdomen of the same patient as 
in Figure 40.22 showing a triangular zone of infarction in the lateral 
portion of the spleen with another focus more caudal. Infarction was also 
demonstrated in both kidneys. 


any cause [59]. Despite the wide acceptance of echocardiogra¬ 
phy for the diagnosis and management of IE, few published data 
support its use as a risk-stratification tool. A study has compared 
standard indications for surgery (such as heart failure, recur¬ 
rent embolic events, severe valvar regurgitation and persistent 
bacteremia) with echocardiography-guided indications (such as 
vegetations >10 mm in length) [60]. The echocardiographic- 
based strategy reduced the risk for embolic stroke and death and 
was cost-effective [61]. 

Echocardiographic guidance of surgical 
treatment and postoperative assessment 

Prior to surgery, intraoperative TEE is helpful in determining 
the mechanism, localization and degree of valvar dysfunction 
and/or region of myocardial disruption. It is also useful for 
excluding contamination of other valves and cardiac structures. 
The surgeon can then save time on cardiopulmonary bypass if 
he or she is sure that only right-sided or left-sided structures of 
the heart are infected. In cases where valves have to be replaced, 
preoperative determination of valve annulus size is mandatory 
Postoperative TEE should confirm the adequacy of the repair 
or valve replacement and document the successful closure of fis¬ 
tulous tracts [12]. Patients with previous IE are at high risk for a 
second bout of IE; thus surgical therapy should correct any resid¬ 
ual defects, including paravalvular leaks, residual ventricular 
septal defects and/or residual fistulae. Postoperative TEE should 
also monitor hemodynamic changes after repair and assess ven¬ 
tricular performance, although alterations may occur once the 
patient is awake and extubated. In smaller children with an ade¬ 
quate acoustic window, a follow-up TTE may be sufficient; in 
all other cases a TEE prior to completion of medical therapy is 
indicated. 

Nonbacterial thrombotic endocarditis 

The pathognomonic feature of nonbacterial thrombotic endo¬ 
carditis (NBTE) is an intracardiac vegetation consisting of a 
mesh of fibrin and platelets without an identified microorgan¬ 
ism [62]. The primary pathogenetic mechanisms of this disorder 
are damage to the valvar endothelium and hypercoagulability 
Both cancer and autoimmune diseases, such as systemic lupus 
erythematosus (i.e., Libman-Sacks endocarditis) are known to 
be associated with NBTE. The diagnosis, however, may be dif¬ 
ficult in patients in whom the underlying disease is associated 
with fever. IE in this setting has to be ruled out carefully NBTE 
is usually a postmortem diagnosis, with an incidence of 1.2% in 
autopsy patients. It has been reported to occur in all age groups 
but predominantly between the fourth and eighth decades of 
life [63]. Echocardiography cannot reliably distinguish between 
NBTE and IE. The NBTE vegetation usually grows on the atrial 
surface of the atrioventricular valves and the ventricular surface 
of the semilunar valves [64]. Although all valves may be affected, 
the mitral valve is most often involved [65]. Typically NBTE has 
an indolent course, but systemic emboli may occur in 50% of 
the patients [64]. In very rare cases, surgical therapy is indicated 
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due to major valvar involvement with hemodynamic compro¬ 
mise [66]. 

Videos 

To access the videos for this chapter, please go to www.lai-echo 
.com. 

Video 40.1 Transesophageal echocardiographic view 109° of a cen¬ 
tral venous catheter as it enters the right atrium from the superior 
vena cava. It is adjacent to a large homogeneous echogenic mass, 
which is fixed to the Eustachian valve. 

Video 40.2 Transesophageal echocardiogram of a central aorto¬ 
pulmonary GORE-TEX shunt to the main pulmonary artery. Color 
Doppler shows the direction of the accelerated flow into the pul¬ 
monary artery (jet lesion). 

Video 40.3 Transesophageal echocardiogram of the same patient 
as in Video 40.2. An oscillating infective endocarditis mass is seen 
opposite to the entrance of the shunt into the pulmonary artery. 

Video 40.4 Transesophageal echocardiogram of the left ventricular 
outflow tract after mechanical valve replacement demonstrating a 
subvalvular echogenic mass from the anterior portion of the valve 
ring, indicating infective endocarditis. 

Video 40.5 Transthoracic echocardiogram in an apical 4-chamber 
view showing an oscillating mass fixed to the atrial aspect of the 
septal leaflet of the tricuspid valve, a finding typical in intravenous 
drug users. 

Video 40.6 Transesophageal echocardiogram in the sagittal plane 
of an atrial pacemaker lead with fixation to the anterior wall of the 
right atrium. Multiple mobile vegetations can be seen adherent to 
the lead. 

Video 40.7 Transesophageal echocardiogram in a patient after 
repair of atrioventricular canal defect demonstrating a large 
echogenic mass adherent to the “posterior” leaflet of the left atri¬ 
oventricular valve mitral leaflet and another smaller mass fixed to 
the “anterior” leaflet. 

Video 40.8 Transesophageal echocardiogram in a patient with a 
small, restrictive ventricular septal defect (VSD) under the aortic 
valve. A large vegetation is seen at the site of the jet-lesion on the 
anterior right ventricular wall just below the pulmonary artery. 

Video 40.9 Transthoracic echocardiogram in a parasternal short- 
axis view demonstrating a very mobile, thin vegetation originating 
from a small persistent ductus arteriosus. The mass oscillates toward 
the main pulmonary artery, similar to the direction of blood flow. 

Video 40.10 Transesophageal echocardiogram in the left ventricu¬ 
lar outflow view demonstrating multiple echogenic masses attached 
to the atrial side of the posterior mitral valve leaflet. 

Video 40.11 Transesophageal echocardiogram of the same patient 
as in Video 40.10. Color Doppler shows newly acquired mitral 


regurgitation through a perforation in the posterior leaflet of the 
mitral valve. 

Video 40.12 Transesophageal echocardiogram demonstrating an 
aortic ring abscess with perforation into the left atrium. The under¬ 
lying heart disease was a calcified stenotic aortic valve. Note the 
diminished mobility of the aortic valve leaflets. 

Video 40.13 Transesophageal echocardiogram in a left ventricu¬ 
lar outflow tract view shows aortic valve endocarditis with exten¬ 
sion from the ventricular side through the valve into the sinotubular 
junction. 

Video 40.14 Transesophageal echocardiogram demonstrating a 
large paravalvular ring abscess years after aortic valve replacement 
with a mechanical St. Jude Medical valve. 
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Introduction 

Transesophageal echocardiography (TEE) is an important imag¬ 
ing modality for the management of patients with congenital 
heart disease (CHD) [1-16]. Suitable TEE ultrasound probes 
have been developed which permit high resolution imaging 
of small infants [17-20] right through to adult patients. The 
major advantages of TEE are that it provides images of both 
high temporal and spatial resolution and avoids many of the 
issues of suitable acoustic windows that may limit a transthoracic 
approach. Furthermore, TEE lends itself to guidance of both sur¬ 
gical [14,21-30] and catheter procedures [31-37] because it can 
be performed without compromising access or the field of view 
for either the surgeon or the interventional cardiologist. The 
information sought by TEE, any patient-specific factors and the 
type of sedation or anesthesia that may be used during the pro¬ 
cedure must all be carefully considered when planning the TEE. 

Patient considerations 

In approaching the patient to undergo TEE, the size and age of 
the patient are important considerations. For infants and chil¬ 
dren the procedure is usually performed under general anesthe¬ 
sia [38]. For airway protection, endotracheal intubation is per¬ 
formed which avoids the risk of TEE probe misplacement. This 
is preferred over the use of laryngeal masks because of the poten¬ 
tial for the probe to dislodge the mask. In selected cases, partic¬ 
ularly where spontaneous ventilation is deemed to be a hemody¬ 
namic advantage, the patient may be anesthetized/sedated with 
or without endotracheal intubation and remain spontaneously 
ventilating throughout the examination [39,40]. 

The patients size determines the type of TEE probe to be 
used. In patients >25-30 kg an “adult” size multiplane TEE 
probe can be used for the examination. Multiplane pediatric 
probes are used below a patient weight of 25-30 kg, down to a 


weight of around 3-4 kg. Recently, smaller “micro” TEE probes 
have been developed which can be inserted in infants below 
3 kg [19,20,41,42]. For patients who are “borderline” between 
the different probe sizes, both sizes should be prepared and 
be available at the start of the procedure in case the larger 
probe cannot be safely passed. Whatever type probe is employed, 
great care should be taken during probe insertion and vigor¬ 
ous or forcible probe insertion is strongly discouraged. Damage 
to teeth, mouth, esophagus and other structures have all been 
reported [42]. Appropriate positioning of the head and neck by 
the cardiologist and/or anesthesiologist is important [43] as well 
as slight flexion of the TEE probe to aid passage into the esoph¬ 
agus. During the insertion of the TEE probe, it is important to 
continue to monitor both the adequacy of ventilation as the TEE 
probe can compress the endotracheal probe [44,45], and heart 
rhythm, particularly bradycardia, as the TEE probe may cause 
an intense vagal stimulus. Detailed published guidance for the 
performance of pediatric TEE is available [16]. The probe can 
also compress posteriorly located cardiovascular structures such 
as a collecting chamber. This can cause hemodynamic instability 
after probe insertion. 

TEE across the age range by definition encompasses chil¬ 
dren and young adults with varying body sizes. For this reason, 
the depth of probe insertion must be gauged by direct vision 
of the echocardiographic image during insertion and cannot 
rely on published standard probe depths at the mouth, or other 
probe-oriented marks. Before insertion, the probe must be con¬ 
nected to the echocardiogram machine, the TEE probe should 
be selected and the viewing angle set at zero degrees. Real-time 
imaging should be undertaken during insertion to gauge an ade¬ 
quate depth of insertion. 

Both the cardiologist and the anesthesiologist need to under¬ 
stand the hemodynamics of the underlying cardiac lesion prior 
to the procedure. Anesthetic agents will cause systemic arterial 
vasodilation, thus, in patients with tetralogy of Fallot, for exam¬ 
ple, anesthesia may accentuate right-to-left shunting across the 
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ventricular septal defect. Care is also necessary in patients with 
a total cavopulmonary connection in whom positive pressure 
ventilation may impede venous return to the heart [46]. Fur¬ 
thermore, clinical settings where the venous return to the left 
ventricle may be relatively fixed, such as patients with marked 
elevation of pulmonary vascular resistance or with severe mitral 
valve stenosis, can cause hemodynamic instability. Usually, such 
patients can be managed safely with appropriate use of intravas¬ 
cular volume expanders, vasopressor agents, oxygen (to reduce 
pulmonary vascular resistance), or minimizing the period of 
positive pressure ventilation depending on the individual situ¬ 
ation. A discussion of possible issues prior to the procedure is 
central to pre-empting any problems and should be part of any 
preoperative briefing or checklist routine. 

In some patients, TEE is contraindicated or at least seriously 
cautioned [16,47]. Patients who have had repair of esophageal 
atresia, portal hypertension or liver disease should have an endo¬ 
scopic examination prior to consideration of TEE to exclude 
esophageal strictures or varices, or consideration should be 
given to other imaging modalities. 

Available TEE probes and technical 
considerations 

There have been major advances in the design of TEE probes 
over the past decade. In the past, pediatric-sized TEE probes 
were biplane only, which limited imaging planes in these smaller 
children. Currently, all major manufacturers produce multiplane 
TEE probes suitable for both adults and children [48]. “Micro” 
TEE probes have been developed that have the potential to 
extend TEE to low birth weight infants. The microprobes may 
also be used in older patients whilst they are awake because the 
passage of a small instrument, similar in size to a nasogastric 
tube, may be better tolerated [19,20,26,41]. The 3D TEE probes 
that are currently available are suitable for imaging patients who 
weigh more than 25-30 kg [25,49]. These probes have incorpo¬ 
rated the real-time 3D “matrix” arrangement of ultrasound crys¬ 
tals into a very small footprint, appropriate for transesophageal 
use. Three-dimensional images can be obtained over several car¬ 
diac cycles providing a large field of view or else a smaller “live 
3D” imaging field can be used. Applications of 3D TEE include 
both surgical and interventional applications, which are dis¬ 
cussed later. 

Whichever probe is selected for a particular patient, careful 
attention needs to be paid to the safety of the actual instrument. 
This includes careful inspection of the probe for surface cracks in 
the probe lining which may represent both an infection risk and 
an electrical risk. Manufacturers endorse various cleaning and 
maintenance protocols ranging from antiseptic immersion to 
surface cleaning. In our institution we use a strictly audited sur¬ 
face disinfection protocol before and after every use of the probe 
[50,51] in addition to a latex-free disposable sheath for each pro¬ 
cedure. To assist any future audit for potential cross-infection, a 


detailed log is kept for each probe with date, time, patient demo¬ 
graphics, and batch number for the disinfectant product. 

Standard transesophageal views 

Transthoracic echo (TTE) has evolved standard imaging planes 
based primarily on accessible sonographic windows. These stan¬ 
dard imaging planes allow interoperator comparison and form 
the substrate for echocardiographic reporting of cardiac struc¬ 
ture and function. TEE also has well described standard views 
[21]. These predefined views are, however, based on an assump¬ 
tion of levocardia and normal intracardiac connections. For the 
great majority of TEE done in the adult cardiovascular setting 
these tenets hold true. Indeed even for many pediatric patients 
these “standard” TEE views can be used. The standard views 
are well described and are particularly useful when imaging the 
valves [52-57], the interatrial septum [58-60] or when looking 
for intracardiac thrombi [61-63]. These predefined TEE views 
can reliably predict the cardiac structures seen at a particu¬ 
lar probe depth or imaging angle. In patients with structural 
congenital heart disease, cardiac position and intracardiac con¬ 
nections can be highly variable, thus adaptation from standard 
views is frequently required to obtain adequate imaging of struc¬ 
tures of interest. In the congenitally abnormal heart there may 
be both positional abnormalities such as dextrocardia, signifi¬ 
cant variation in connections, such as in congenitally corrected 
transposition and target structure such as the semilunar valves 
may not be seen in the standard planes. A comprehensive TEE 
may include up to 20 standard cross-sectional views to evalu¬ 
ate all heart structures in the adult patient with a normal cardiac 
anatomy. Despite anatomical variations across the spectrum of 
CHD, these standard views are still a good starting point for any 
comprehensive TEE examination in CHD. 

The standard TEE views describe three probe depths: upper 
esophageal (UE), mid-esophageal (ME), and transgastric (TG). 
Additional descriptors relate to the probe controls and on a mod¬ 
ern multiplane TEE probe these will include an ability to elec¬ 
tronically vary the sector plane angle continuously from 0° to 
180° and two further physical controls which allow the operator 
to induce a bend at the probe tip both in the antero-posterior 
and lateral planes. Using the convention of the patient being 
supine and the imaging surface at the tip of the probe facing 
forwards, inducing an anterior bend is termed anteflexion and 
inducing a posterior bend is called retroflexion. Finally, a lateral 
bend may be induced and is described as rightward or leftward 
in relation to the patient s right and left, respectively. Lateral flex¬ 
ion controls are usually present on standard-size adult probes 
but may not be present on all pediatric or other miniaturized 
probes. 

Importantly TEE should be seen as adding additional infor¬ 
mation to existing TTE images. Although TEE indications may 
include poor TTE windows, the decision to proceed to TEE 
may more commonly relate to better sonographic windows for 
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certain specific cardiac structures such as the atrial septum, the 
atrioventricular valves, and the aortic valve. For this reason, the 
TTE and the TEE are not mutually exclusive; indeed it is our 
view that most TEE examinations should be preceded by a com¬ 
prehensive TTE. TEE should be performed to obtain the miss¬ 
ing diagnostic information that could not be obtained by TTE. 
When studies are performed under general anesthesia (GA), it 
is our usual practice to use the same GA to acquire 2D and 3D 
transthoracic images and then proceed with acquiring the rele¬ 
vant TEE images. For 3D TEE breath-holding allows the acquisi¬ 
tion of higher frame-rate multibeat full volume 3D acquisitions 
without respiratory artifacts. 

In many instances a full TEE study including all the different 
standard views is not feasible due to unstable patient hemody¬ 
namics or concurrent surgical or catheter interventions. Addi¬ 
tionally, TEE performed under conscious sedation rather than 
general anesthesia will limit the duration of the study and may 
reduce the possibility of completing a comprehensive TEE. In 
these cases it may be advantageous to concentrate on the miss¬ 
ing imaging information and on the structures of interest so that 
if the study is curtailed or study time is limited, then at least the 
most important TEE data would have been acquired. 

Finally, expertise in TEE will require a high level of familiarity 
with both normal and abnormal cardiac structures, and for cases 
of congenital heart TEE, the operator will require expertise in the 
full range of CHD TTE to fully exploit the potential of TEE in 
this population [64-66] . 

In both TTE and TEE, the imaging sector can be displayed 
both with the sector apex at the top but also inverted with the 
sector apex at the bottom of the screen. Although many non- 
congenital echocardiographers will perform all TTE and indeed 
TEE views without inverting the sector, it has become custom¬ 
ary to invert the image for certain standard views when perform¬ 
ing a congenital heart echocardiogram to allow more anatomi¬ 
cally accurate projection of cardiac structures. In TTE this usu¬ 
ally relates to subcostal and apical 4-chamber views where the 
cardiac apex is lowermost on the screen. When performing pedi¬ 
atric TEE for congenital heart disease it is our practice to invert 
the image for transgastric views to allow a more intuitive display 
of the ventricles with the left ventricle on the left and the outlets 
towards the top of the screen. 

Although the TEE in CHD will need to be adapted to the 
morphology, the following standard views will be described with 
an initial assumption of a normally connected heart so that the 
core standard views can be understood and then adapted as 
required. 

Mid-esophageal view, 0 degrees 

Despite the possibility of cardiac malposition and abnormal con¬ 
nections in CHD, the ideal starting point for most TEE in CHD 
is still the mid-esophageal view, where at 0-20°; a view analo¬ 
gous to the TTE “4-chamber” view should be evident. Axial rota¬ 
tion of the probe may be required to center the sector immedi¬ 
ately posterior to the atria, usually the morphologic left atrium. 



Figure 41.1 Transesophageal echocardiogram in a mid-esophageal 
position demonstrating a 4-chamber view. In this example the apex of the 
left ventricle is somewhat foreshortened by slight flexion of the probe, often 
necessary to maintain optimal probe contact. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 


The cardiac mass should be visible and the sector depth should 
be adjusted to include both the atrial and ventricular cham¬ 
bers). 

The apex of the sector should be at the top of the screen, 
with the heart represented in anatomic format with the atrial 
mass uppermost and the ventricular mass toward the widest part 
of the imaging sector. Even in the presence of major structural 
problems, this starting view will allow orientation of left-right, 
posterior-anterior, and superior-inferior at the initial phase of a 
sequential examination (Figure 41.1). This starting view can be 
achieved by inserting the probe, already selected for live scan¬ 
ning, with the imaging surface of the probe tip facing anteriorly, 
the multiplane angle set at 0° and the probe depth assessed “live” 
during gentle introduction. 

The echocardiographic sector at 0° from this ME depth will 
cut through the atrial mass, atrioventricular junction and ven¬ 
tricular mass from base to apex. However, as the cardiac apex 
is usually more inferior to the base, the ventricular chambers 
may appear foreshortened. Gentle retroflexion of the probe 
tip will allow the true apex of the heart to be visualized and 
this retroflexion manoeuver should be routine for the mid- 
esophageal 0° 4-chamber cut. Without retroflexion, there can be 
a misinterpretation of ventricular hypoplasia. 

From this view, the intracardiac atrioventricular connections 
can be defined, the atrioventricular valves size and function can 
be described, and spectral Doppler assessment of the atrioven¬ 
tricular valve inflow and regurgitation can be achieved at gener¬ 
ally acceptable insonation angles. 

From this initial 4-chamber cut, one system of interrogation 
is to then perform a sequential segmental study starting at the 
venous connections. 
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Venous connections and the atrial septum 

The superior caval vein can be seen in short axis by withdraw¬ 
ing the probe towards the upper esophagus whilst centering the 
image on the atrial septum. Advancing the probe into the lower 
esophagus until the inferior caval vein is seen also in cross- 
section will demonstrate the atrial septum from its inferior to 
the superior border (Video 41.1). The presence of any atrial sep¬ 
tal abnormalities will be noted during this sweep and can then be 
displayed in closer detail at optimal depth and then at multiple 
sector angles. From the mid-esophageal depth, the atrial septum 
can then be displayed at 45° and then at 90° to provide multiple 
dimensions of any atrial septal communication. Preparation for 
device closure would also require detailed assessment of defect 
rims (see later). Note should be made of other identifying char¬ 
acteristics of the right atrium including the broad base of the 
right atrial appendage, the Eustachian valve, and any Chiari net¬ 
work. Failure to identify these right atrial structures should raise 
the possibility of a laterality defect. 

Having demonstrated systemic venous connections and right 
atrial morphology, the operator can return to 0° at the mid- 
esophageal depth to then describe the pulmonary venous 
connections. Gross axial rotation of the probe, at the mid- 
esophageal depth and 0-20° multiplane angulation, will allow 
visualization of structures adjacent to the main cardiac mass. 
Pulmonary veins from the left and right can be seen at each 
heart border and may require gentle manipulation of the probe 
depth to bring in the inferior and superior pulmonary veins 
sequentially as these may not be visible at the same probe depth 
within the esophagus (Figure 41.2). Once visualized the pul¬ 
monary veins should be interrogated with color flow mapping 
(CFM) and pulsed-wave (PW) Doppler to establish a pulmonary 
vein flow profile. This is particularly important in pulmonary 
vein stenosis, mitral valve abnormalities, and in other forms of 



Figure 41.2 Transesophageal echocardiogram demonstrating the entry of 
the right upper pulmonary vein to the left atrium. The right pulmonary 
veins pass behind the superior vena cava which is cut in cross-section with 
the probe at 0° of rotation. RA, right atrium; RPV, right pulmonary vein; 
SVC, superior vena cava. 


left heart dysfunction. As well as capturing a trace with cyclical 
ventilation, a second capture of the pulmonary venous Doppler 
trace should be obtained without artificial ventilation or pos¬ 
itive end expiratory pressure (PEEP). For both right and left 
pulmonary veins, a long sweep usually at 0-20° will allow the 
operator to follow the pulmonary veins from their extra peri¬ 
cardial origin to their atrial entry (Video 41.2). Abnormalities of 
pulmonary venous return are best visualized during this sweep 
and confirmed following a 3D TTE or TEE acquisition. Fail¬ 
ure to identify all pulmonary veins should prompt a detailed 
evaluation of possible sites for anomalous pulmonary venous 
drainage, including an evaluation of a longer length of the supe¬ 
rior caval vein both at 0° and at 90°. Finally in the heart with 
atrial situs solitus, the left atrial appendage is best seen at the 
mid-esophageal depth with 60-90° multiplane angulation. 

Atrioventricular junction 

Demonstration of the atrioventricular junction can also start 
with the mid-esophageal 0° view. Axial rotation of the probe 
will allow specific visualization of the left and right atrioventric¬ 
ular junctions. In normally connected hearts, the tricuspid valve 
can be best seen with a slight clockwise rotation of the probe to 
improve the insonation angle for any color Doppler or spectral 
Doppler interrogation. The mitral valve is best seen with slight 
anticlockwise rotation of the probe and it is from this view that 
optimal real-time 3D imaging of the atrial aspect of the mitral 
valve is obtained. Further detail of 3D optimization will follow 
later. 

Keeping the multiplane angle set at 0-20°, the probe can be 
gently withdrawn from the 4-chamber projection; this minor 
alteration in probe depth should allow visualization of the left 
ventricular outflow tract and the great artery connection arising 
from the center of the cardiac mass. In the normally connected 
heart this will be the aorta and keeping a low multiplane angle 
0-20° will establish a quasi 5-chamber view of the left ventricu¬ 
lar outflow tract. Despite this analogy to the TTE view, it is not 
always possible to obtain a reliable Doppler angle from this posi¬ 
tion and this view offers much less detail of other CHD lesions 
such as ventricular septal defects, subaortic stenosis or indeed 
aortic valve pathology, and therefore is of only limited value. All 
of these clinical/morphologic questions are better answered by 
further 2D TEE views described later or by a full volume 3D 
dataset acquisition. 

Mid-esophageal view, 30 degrees 

After completing the sequence of 0° views mentioned earlier, 
the operator can then maintain station at the mid-esophageal 
depth but select a multiplane angle of between 30-45° and with¬ 
draw the probe slightly, at all times watching the image display 
to see when the aortic valve comes into view. Rotation of the 
probe to position the aortic valve in the center of the sector and 
adjustment of the depth will allow fine detail of the aortic valve 
to be displayed. In this view, the aortic valve cusp aligned with 
the interatrial septum is the noncoronary cusp, the cusp to the 
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Figure 41.3 TEE view of the short axis of the aortic valve at 40° of rotation. 
The three leaflets of the aortic valve can be clearly identified and well as the 
right ventricular outflow tract wrapping around the aortic valve. PV, 
pulmonary valve; RA, right atrium; RV, right ventricle. 



Figure 41.4 TEE of the right ventricular outflow tract which shows all 
components from the tricuspid valve through to the pulmonary artery. 
AoV, aortic valve; LA, left atrium; PV, pulmonary valve; RA, right atrium; 
RV, right ventricle; TV, tricuspid valve. 


right and anterior (towards the bottom of the sector) is the right 
coronary cusp and the remaining cusp is the left coronary cusp 
(Figure 41.3). 

Advancing the probe and rotation clockwise should bring the 
left atrial appendage into view to the left of the screen. As dis¬ 
cussed earlier, this assumes normal atrial situs. 

Mid-esophageal view, 60 degrees 

Further angulation to a multiplane angle of 60-70° will bring the 
body of the right ventricle and the pulmonary valve into view. 

This view also contains part of the perimembranous interven¬ 
tricular septum between the tricuspid valve on the left of the 
display screen and the aortic valve in the center (Figure 41.4). A 
perimembranous ventricular septal defect will be seen as a defect 
in the otherwise smooth outline of the aortic annulus and color 
flow mapping will clearly demonstrate the shunt. Once demon¬ 
strated, further definition will be possible at 120° (see later). 

The pulmonary valve is an anterior structure and therefore 
not ideally demonstrated by TEE. It is, however, possible to visu¬ 
alize the valve annulus and any obvious dysplasia of the leaflets. 
Color flow mapping may show aliasing in cases of pulmonary 
valve stenosis but the Doppler angles are generally not use¬ 
ful for velocity estimation. Information about the pulmonary 
valve obtained by TEE should be compiled together with data 
obtained by TTE which is usually a better method for display¬ 
ing this valve. The transgastric outflow tract view can also be 
used for better Doppler alignment. The pulmonary valve can be 
included in a 3D volume dataset; it is then our practice to display 
this postprocessed image in an anatomically correct orientation 
which requires the whole dataset to the rotated through 180° to 
show the pulmonary valve in its superior-anterior position. 


Gentle withdrawal of the probe into the upper esophagus will 
demonstrate the origin and course of the right pulmonary artery 
but the left pulmonary artery is only poorly demonstrated. If 
more detailed imaging of the pulmonary arteries is required, epi- 
cardial imaging can be very useful. Especially after tetralogy of 
Fallot repair or after a cavopulmonary anastomosis, visualizing 
the branch pulmonary arteries is essential. 

Mid-esophageal view, 90 degrees 

Oriented with the transducer facing anteriorly, the mid- 
esophageal 90° view will allow composition of a “2-chamber 
view” of the left atrium and left ventricle. Anterior structures 
(left atrial appendage, anterior mitral valve leaflet) are to the left 
of the screen and posterior structures (inferior papillary mus¬ 
cle, posterior mitral valve leaflet) are to the right of the screen. 
Detailed descriptions of the standard multiplane and multi¬ 
depth images of the complete TEE examination showing all three 
major scallops on both the anterior and posterior mitral valve 
leaflets in an anatomically normal mitral valve exist in the adult 
literature, and will not be further discussed here. These conven¬ 
tions describing which multiplane angle cuts through which part 
of the valve annulus can be useful even in congenital heart prac¬ 
tice but cannot be relied upon to predefine any specific valve 
cusp in the congenitally malformed left atrioventricular valve. 
Once again, 3D TTE and TEE has proven more useful in the 
spatial description of atrioventricular valve abnormalities and 
anatomic relations [30,67,68]. 

Perhaps more important in congenital heart practice, the mid- 
esophageal 90° view when rotated axially to “look” posteriorly, 
clearly displays the atrial septum in long axis; with gentle with¬ 
drawal it can demonstrate the superior caval vein-right atrial 
junction (Figure 41.5) and when advanced can show the inferior 
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Figure 41.5 Bicaval view of the atriums showing the curved atrial septum. 
The left atrium is posterior and right atrium anterior. The Eustachian valve 
is seen close to the entry of the inferior vena cava to the right atrium. I VC, 
inferior vena cava; LA, left atrium; RA, right atrium; SVC, superior vena 
cava. 

caval vein-right atrial junction albeit with less predictable image 
clarity. The presence and size of any atrial septal defect (ASD) 
already shown at 0° can be seen orthogonally and dimensions of 
both the defect and critical caval rims for possible device closure 
can be measured. 

Mid-esophageal view, 120 degrees 

In the normally connected heart, this view (110-130°) will 
demonstrate the left ventricular outflow tract, can confirm 
mitral-aortic continuity if present and will visualize a portion 
of the interventricular septum including the perimembranous 
region. The aortic valve cusp seen adjacent to the interventric¬ 
ular septum towards the bottom on the display is usually the 
right coronary cusp and this multiplane angle best demonstrates 
any coronary cusp prolapse or cusp involvement in any adja¬ 
cent ventricular septal defect (Video 41.3). The other aortic valve 
cusp seen in this mid-esophageal long-axis view can be either the 
left or the noncoronary cusp depending on cardiac position and 
actual multiplane angle. Identification of the other cusp is best 
done by 3D or 2D sweep from short to long axis of the valve. 
Other aortic valve pathology and dysfunction including aortic 
valve incompetence is also best seen at 120° in augmented color 
Doppler, and in patients of an appropriate size by a 3D color 
acquisition to allow a multiplanar view of any regurgitant jet or 
indeed jets. 

Transgastric views 

Transgastric TEE views are best obtained by returning any flex¬ 
ion to neutral, reducing the multiplane angle to 0° and gen¬ 
tly advancing the probe beyond the mid- or lower esophageal 


position until the heart is no longer seen. Once in the stom¬ 
ach, the probe is now anteflexed until the heart comes into view. 
Although the imaging sector could be left with the sector apex 
uppermost on the display, it is our practice to invert the imag¬ 
ing sector and allow a more intuitive anatomic projection of the 
cardiac chambers and outflow tracts. 

At 0° from the transgastric window, the left ventricle will be 
seen in short axis with the postero-medial papillary muscle low¬ 
ermost on the display, the right ventricle will be seen to the left 
of the screen which corresponds to the patients right side. Axial 
rotation of the probe may be required to place the left ventricle 
on the center of the display. To optimize the short-axis cuts of the 
left ventricle it is important to check whether there is adequate 
anteflexion to avoid tangential cuts. This is best done by increas¬ 
ing the multiplane angle to 90° thereby obtaining a long-axis 
view of the left ventricle. More or less anteflexion is employed 
to display the left ventricle in an optimal horizontal orientation 
across the display. Advancing or withdrawing the probe to the 
apical, mid-portion of basal left ventricle and then sequentially 
obtaining a 0° apical, mid- and basal LV short axis can then be 
performed. 

Apart from obtaining multiple short-axis LV cuts, the trans¬ 
gastric window will allow suitable Doppler angles for estimation 
of the left ventricular outflow tract velocity. From the mid-LV 
short-axis cut, the multiplane angle is increased to about 110— 
130° until the aortic valve appears to the right of the screen (Fig¬ 
ure 41.6). Further axial rotation of the probe can optimize the 
placement of a Doppler cursor. Should the Doppler angle still 
be too shallow then a deeper transgastric view placing the probe 



Figure 41.6 Transgastric TEE view of the left ventricular outflow tract 
(135°). The chordal support of the mitral valve is well seen in this 
projection. The left ventricular outflow tract is seen in long axis and the 
pulmonary valve in short axis. The projection also facilitates Doppler 
interrogation of the left ventricular outflow tract. AO, aorta; LA, left 
atrium; LV, left ventricle; MV, mitral valve; PV, pulmonary valve. 
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tip closer to the LV apex and more pronounced anteflexion may 
open up the left ventricular outflow tract towards the top of the 
display. 

Transesophageal assessment for and 
guidance of interventional procedures 

TEE guidance for catheter intervention can occur either by 2D 
TEE or 3D TEE using a real-time live acquisition mode [32,59]. 
Of fundamental importance, optimal TEE guidance of catheter 
intervention requires continuous dialogue between the echocar- 
diographer and the catheter interventionalist. To facilitate this 
dialogue it is important for both the echocardiographer and the 
interventionalist to have simultaneous sight of both angiography 
and echocardiography displays. The actual screen positions will 
depend on catheter laboratory layout but as a minimum, three 
screens should be available to display both biplane catheter data 
and echocardiography. Once again depending on the layout and 
space available, it may also be advantageous for the echocardio¬ 
grapher to have a dedicated set of screens showing angiography 
in addition to the echo data viewable on the cart. Furthermore, it 
is also our view that the echocardiography images should be dis¬ 
played as much as is possible in an anatomically intuitive projec¬ 
tion so that catheter movements seen on both the angiography 
and echo screens concur in direction and make anatomic sense. 
When using real-time 3D it is our practice to orient the displayed 
image with reference to known external landmarks so that the 
image displayed mirrors an anatomic projection [69]. This is 
particularly relevant when using real-time 3D TEE guidance 
where a true representation of the anatomy will result in a pro¬ 
jection understood by all. The echocardiographer should con¬ 
tinuously update the catheter operator with positions of wires, 
sheaths and devices, but equally needs to assertively request time 
to optimize imaging or live 3D before moving to the next stage 
of the intervention. 

Atrial septal defect 

Routine TTE will give an indication about the need to close an 
atrial septal defect but actual suitability requires the added mul- 
tiplanar definition provided by TEE [31,32,35,37,70]. 

Although many centers may perform the TEE assessment at 
the same time as or just before the planned catheter interven¬ 
tion, it is our practice to perform an independent assessment 
of suitability by an imaging cardiologist on a separate occa¬ 
sion. This independent TEE assessment will allow a careful and 
comprehensive study, time for detailed postprocessing of 3D 
datasets and an opportunity to explain the advantages and dis¬ 
advantages of a planned procedure to the patient and family 
in any particular individual case based on the newly acquired 
TEE data. 


The actual TEE assessment can use standard imaging views 
of the whole heart. Clearly specific attention will be paid to 
the atrial septum and adjacent structures that will form the 
anchoring rims for any device which will influence the stability 
of any implanted device. The proximity of adjacent vital struc¬ 
tures including the pulmonary veins and mitral valve will be 
critical determinants of suitability. 

Our exam sequence for TEE assessment for ASD device suit¬ 
ability will usually proceed in the following logical order: 

A mid-esophageal 0° cut to confirm connections in the 4- 
chamber view, to review evidence of right heart volume over¬ 
load, to assess the tricuspid valve for any intrinsic abnormal¬ 
ity with Doppler assessment of any physiologic or pathologic 
tricuspid regurgitation to estimate right heart pressure. Two- 
dimensional and color assessment should also be made of the 
mitral valve as device deployment has potential to damage or 
impair the function of the mitral valve. 

Maintain rotation of the probe at 0° to orient the atrial septum 
running approximately across the screen with the base to the left 
and cardiac apex to right. Depth is adjusted to include only as 
far as the tricuspid valve at the bottom right of the screen. Any 
obvious atrial septal defect or multiple defects at 0° are described 
and the diameters measured at 0°. Color flow mapping facilities 
identification of multiple or fenestrated defects. In our unit, we 
use the color flow diameter [33] as a guide to eventual device 
size rather than later relying on balloon sizing of the defects 
stretched diameter. The total septal length is also measured at 
this stage. Finally, at 0°, the probe should be withdrawn until 
the superior caval vein is seen in cross-section and this caval 
vein should be followed into the heart by gradually advancing 
the probe whilst centering the image of the superior caval vein. 
A continuous luminal border of the cava will exclude superior 
sinus venosus type ASD. Advancing of the probe until the infe¬ 
rior caval vein is seen will address a similar question regard¬ 
ing inferior sinus venosus defects. Returning to the atrial septal 
defect(s), the probe is manipulated at 0° to place the atrial sep¬ 
tum again in the center of the imaging display. 

The multiplane angle is then advanced to 45° and the max¬ 
imum diameter on 2D grayscale and on color flow mapping is 
recorded. 

The multiplane angle is then further advanced to 90° and the 
probe rotated axially to obtain a bicaval view with superior caval 
vein to the right of the screen. Once again maximum diameters 
of any defects are recorded in 2D grayscale and color. Simulta¬ 
neous, side-by-side 2D and color display, possible on most mod¬ 
ern machines will ensure that the same defect is measured in the 
same phase of the cardiac cycle both on 2D and with color flow. 

Having acquired all 2D diameters our usual practice is to now 
obtain a full volume 3D dataset in patients able to take a 3D TEE 
probe (>25-30 kg body weight). This 3D dataset is obtained at 
0° with the depth set to include the tricuspid valve and the basal 
portion of the right ventricle (Video 41.4). This will allow image 
orientation at later post processing (see later). 
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Having described the defect size at three multiplane imaging 
angles (0, 45, and 90°), the operator can now focus on the sur¬ 
rounding tissue rims and adjacent vital structures. 

At 0°, the pulmonary veins are imaged as described earlier 
and the pulmonary vein rim is the free-standing tissue with pul¬ 
monary vein lumen on one side and right atrial cavity on the 
other which extends from the right pulmonary vein entry to the 
left atrium and the ASD. In most series and for most devices, 
this rim must equal or exceed 5 mm in length to allow anchor¬ 
ing of the device but importantly the device should not obstruct 
pulmonary venous return. This latter aspect will be examined 
during actual device deployment. 

Still at 0°, the probe is rotated to develop a 4-chamber view 
and the distance between the atrial septal defect and the mitral 
valve hinge point is described as the mitral valve rim. 

At 45°, the aortic valve is brought into view and the aortic rim 
is the often short tongue of tissue extending back from the aortic 
wall into the atrial cavity. Deficiency of the aortic rim continues 
to be of concern and has been the subject of a recent review by 
the Society for Cardiovascular Angiography and Interventions 
and reported to the FDA [71]. 

Finally, at a multiplane angle of 90°, the superior and inferior 
caval rims are documented. Of note the inferior caval rim is often 
difficult to define with TEE, and a correlation with TTE bicaval 
views should be made. 

Once confirmed as likely suitable for device closure, catheter 
intervention for ASD can proceed also primarily under TEE 
guidance. Such catheter guidance by TEE has significant advan¬ 
tages, including a decreased radiographic screening time and 
radiation, a reduced total procedure time, and in cases of multi¬ 
ple fenestrations, the catheter interventionalist can confirm pas¬ 
sage of the guide wire and subsequent deployment sheath via 
the target orifice, usually the largest of the defects (Videos 41.5 
and 41.6). Catheter closure of multiple defects can also proceed 
with clear delineation that a second or subsequent device crosses 
the atrial septum via a different defect from the first or previous 
device or if using a single larger device to cover both defects then 
defect coverage can be confirmed before release (Figure 41.7a,b; 
Video 41.7). Device closure of atrial septal defects will usually 
employ a device with a component of the device on either side 
of the atrial septum. Real-time 2D TEE will allow confirmation 
that the right or left atrial component is sitting wholly within the 
correct atrium and is not straddling the defect. 

When using 2D TEE, the optimal multiplane angle to guide 
initial deployment is often around 30-45°. However, once the 
left atrial disc is deployed the circumference of the defect will 
need to be surveyed again using standard multiplane angles or 
0°, 45°, 90°. It is vital at this stage to confirm that the whole of 
the left atrial component of the device is within the left atrium 
and not through the defect into the right atrium. Once the posi¬ 
tion of the left atrial component is satisfactory, the right atrial 
component can be deployed and surveyed through all angles. 
The persistence of some color flow across the atrial septal defect 
at this stage is expected as there is still tension on the apparatus 



(b) 

Figure 41.7 Three-dimensional TEE showing two adjacent septal 
occluders visualized from the left atrium. SVC, superior vena cava. 


which will induce deformation. More importantly the role of the 
echocardiographer is to confirm correct placement of the device 
components and to reassess following any further manipulation 
of the device prior to release. Any gross size mismatch or inter¬ 
ference with vital structure must be reported when seen. Before 
release the echocardiographers must reassess the rims, ensure 
that there is unobstructed pulmonary venous return, that the 
mitral valve motion is not impeded and that the defect is ade¬ 
quately covered. 
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Other catheter interventions 

Catheter intervention for congenital heart disease is obviously 
not restricted to the closure of atrial septal defects. However, the 
general principles outlined earlier can be utilized for any echo- 
guided catheter procedure. 

TEE is used to assess suitability for device closure of per- 
imembranous ventricular septal defects and for mid-muscular 
defects, being particularly useful in defining the location of the 
defect in relation to the moderator band of the right ventricle 
and other potentially intervening structures. Actual procedural 
guidance of device closure for ventricular septal defects can then 
be guided by TEE without the potential complication of intrac¬ 
ardiac echocardiography (ICE) or impracticality of transtho¬ 
racic echo within the angiography field. A combination of 2D 
techniques (Video 41.8), real-time 3D guidance (Video 41.9), or 
simultaneous orthogonal plane projections (Video 41.10) are all 
utilized depending on the size of the patient and complexity of 
the case. 

Catheter intervention for less common problems such as fis¬ 
tulas from a sinus of Valsalva aneurysm [72] and closure of 
paravalvular leaks after prosthetic valve surgery will be ideally 
guided by TEE to ensure device deployment does not compro¬ 
mise the leaflet function. 

Three-dimensional TEE has the potential to further assist 
with interventional catheter procedures. The technique has been 
applied for many different indications including transseptal 
puncture [73], atrial septal defect closure [32,35], occlusion of 
the left atrial appendage, clipping of the mitral valve [74-76], 
paraprosthetic valve leaks [67], and VSDs [77]. Advantages of 
the technique include the ability to track the precise position of 
wires, catheters and devices as well as the ability to reconstruct 
views en face to septal structures, which is relevant for both ASD 
and VSD closure (Video 41.11). For procedures around the left 
atrium and mitral valve, the imaging position can be set so that 
the entirety of the left atrium can be visualized as well as the 
mitral valve leaflets. With respect to occlusion of septal defects, 
these can be imaged en face allowing for precise measurement 
of the defect and rims. This is particularly helpful for multifen- 
estrated atrial septal defects or for positioning occlusion devices 
when other devices are in situ. 

Intraoperative imaging 

Although detailed multimodal preoperative imaging will facili¬ 
tate surgical decision making and will form the substrate for a 
pre-surgical multidisciplinary surgical planning meeting, there 
is a still a role for further detailed echocardiography in the oper¬ 
ating room immediately before cardiopulmonary bypass and 
certainly directly after coming off bypass and before leaving the 
operating suite. 

Although the actual morphologic cardiac diagnosis is unlikely 
to change, refinement of the lesion detail may be enhanced, 


particularly if preoperative imaging outside the operating suite 
did not include TEE. TEE immediately before surgery may 
value-add by detecting additional minor lesions which may 
need surgical attention, that is, atrial septal communications, 
additional muscular ventricular septal defects. 

Intraoperative echocardiography will either involve TEE or 
in selected patients an epicardial approach may be preferred. 
Although the advent of smaller multiplane TEE probes has 
reduced the need for direct 2D epicardial studies, the now rou¬ 
tine use of 3D echocardiography has brought the epicardial 
approach back in to common use. 

Epicardial echocardiography 

Prior to the advent of small multiplane TEE, intraoperative 
echocardiography in small patients was limited to the epicardial 
approach. This is achieved by using a handheld high frequency 
probe in an appropriate sterile sheath manipulated directly by 
the surgeon within the sterile operating field; with image con¬ 
trols and interpretation performed by an advanced echocar- 
diographer at the head of the operating table beyond the ster¬ 
ile field. Alternatively, the echocardiographer could gown and 
scrub-in with the surgeon to perform the actual probe manip¬ 
ulation with a second echocardiographer at the cart beyond the 
sterile field. In our experience, the best combination is a dedi¬ 
cated surgeon with appropriate training and experience manip¬ 
ulating the probe and the expert echocardiographer directing 
the study from the cart. The surgeon is most expert at dealing 
with the exposed heart and other cardiac structures with mini¬ 
mal risk of trauma to the surgical field. Using this approach the 
full range of echocardiography can be performed including 2D 
and 3D acquisition, Doppler and color flow. 

The actual preparation of the epicardial probe requires the 
sterile sheath to be collapsed onto itself by the surgeon thus 
exposing the lumen; a generous amount of imaging gel is deliv¬ 
ered to the distal end of the sheath and the cleaned but not sterile 
probe is carefully placed inside the lumen of the sheath without 
compromising sterility of the external surface. The sheath is then 
extended proximally to enclose the probe lead and the sheath 
handed over the anesthesiologists drape to the echocardiogra¬ 
pher. The sheath on the surgeons side of the anesthesiologists 
drape can be considered to be sterile and can be manipulated by 
the sterile operator. Our surgeons have developed a technique 
of placing a stay ligature around the outside of the sheath at the 
level of the probe to inhibit movement of the probe within the 
sheath at the distal end. This modification allows the operator to 
make minute manipulations of the actual probe without concern 
about the probe and sheath moving against each other. 

The actual epicardial examination can either target the dis¬ 
crete area of interest or can include a comprehensive approach 
using established guideline views [78]. Our approach has been 
to target mainly the area of interest particularly as the heart is 
commonly congenitally malformed which may limit standard 
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views and the time for image acquisition should not unneces¬ 
sarily extend the actual operation duration. 

The established standard views can be considered analogous 
to standard TTE views and include an epicardial short-axis view 
at the level of the aortic valve, an aortic long-axis view obtained 
by rotating the probe through 90°, further short-axis views at 
the level of the mitral valve and mid-ventricular level display¬ 
ing the LV papillary muscles, and an LV long-axis view which 
can be further developed to show the tricuspid valve in a similar 
fashion to TTE; an epicardial 2-chamber view can be developed 
from the LV long axis by further clockwise rotation of the probe. 
Finally, an epicardial RV outflow tract view can be obtained by 
manipulating the transducer over the RV outflow tract with the 
index mark toward the patients left shoulder in the normally 
connected heart or along the axis of the main pulmonary artery 
in other morphologic permutations. 

Following development of size-appropriate TEE probes that 
can be used on a larger proportion of congenital heart surgery 
patients, fewer intraoperative epicardial exams have been per¬ 
formed. However, despite the availability of TEE in smaller 
patients, there is still a major role for the epicardial approach 
in selected lesions. TEE is not ideal for the most anterior cardiac 
structures and does not provide optimal imaging of the main 
and branch pulmonary arteries. Direct epicardial examination 
allows very high-resolution imaging of these structures. Abnor¬ 
malities of the atrioventricular junction including the complete 
atrioventricular septal defect (AVSD) and AVSD-tetralogy are 
routinely imaged by the epicardial approach particularly as this 
allows the use of 3D echocardiography in infants who are too 
small for a 3D TEE. Both real-time 3D and postprocessed full 
volume acquisitions can guide the surgeon when repairing the 
left AV valve and postoperative epicardial imaging will assess 
adequacy of the repair. Unusual presentations such as a flail 
mitral valve following repair of tetralogy of Fallot, also merit 
detailed 3D epicardial imaging. Video 41.12 shows a chordal 
rupture, which was subsequently repaired surgically. Surgical 
approaches to Ebsteins anomaly are difficult and often involve 
relocation of valve tissue across 2D planes; for this reason 3D 
epicardial echo support for the surgeon has been used with suc¬ 
cess [79]. The success of the arterial switch operation (ASO) 
for ventriculoarterial discordance is critically dependent upon 
successful relocation of coronary artery origin buttons and any 
kinking or undue tension may result in frank ventricular fail¬ 
ure. As most ASO surgical candidates are newborns with a body 
weight of 2000-4000 grams, it is our practice to perform epicar¬ 
dial echocardiographic evaluation of LV systolic function at the 
end of every ASO to document good LV function and visualize 
the coronary anastomoses. 

Intraoperative TEE 

Despite the advantages offered by an epicardial approach as 
described earlier, an advantage of intraoperative TEE is that the 


probe can be placed preoperatively by the anesthesiologist and 
a baseline study can be performed to evaluate for any previ¬ 
ously undetected additional lesion and to obtain optimal imag¬ 
ing windows for a direct comparison immediately after intracar¬ 
diac repair on cardiopulmonary bypass. The intraoperative stud¬ 
ies should ideally be performed by the same operator before, 
during, and after surgery to minimize interobserver bias when 
making subjective judgments about adequacy of repair, and the 
TEE operator must have sufficient expertise and seniority to 
make a difficult judgment call which may result in the patient 
going back on cardiopulmonary bypass (CPB) if the echocar¬ 
diogram detects significant residual pathology. To accommo¬ 
date this requirement, it is our practice for each intraoperative 
TEE to be supervised by an attending/consultant cardiologist 
with advanced TEE expertise. As an additional development, we 
have also installed a fixed telemedicine link between our operat¬ 
ing suite echocardiography cart and the remote echo lab so that 
real-time guidance and reporting can occur even if the expert 
echocardiographer is not actually present in the operating suite. 

Intraoperative TEE will use the same standard views 
described earlier but will more often concentrate on the lesion 
being operated. Optimization of the probe depth and multiplane 
angle before operation will allow rapid refocusing of the study 
during and after the surgery. It is important to de-select or 
disconnect the TEE probe during the actual surgery to mini¬ 
mize the risk of inadvertent thermal trauma to the esophageal 
mucosa. Our own practice is to leave the probe in the esophagus 
but disconnect from the cart to allow the cart to be moved out 
of the immediate anesthetic area. Depending on the machine 
characteristics and duration of start-up sequence, the operator 
may use a standby mode rather than full shutdown between 
the preoperative study and that done towards the end of the 
procedure. 

The timing of any postoperative study is crucial to the inter¬ 
pretation of the data. For example, when evaluating an atrioven¬ 
tricular valve for regurgitation following repair, loading condi¬ 
tions are crucial. A TEE done on partial CPB will not repli¬ 
cate full loading conditions. Volume replacement, inotropes, 
vasodilators and rewarming will affect preload, afterload and 
contractility. Wherever possible a stable hemodynamic state 
after achieving systemic blood pressure and atrial filling pres¬ 
sure targets, at normothermia with a constant background rate 
of inotropes or vasodilators, will allow the most reliable estimate 
of valve function and systemic ventricular function. Similarly, 
outflow tract gradients can be significantly underestimated if the 
TEE is performed too early after coming off CPB. 

Target lesions for transesophageal 
echocardiography in CHD 

Intraoperative TEE is not indicated for every CHD surgery. Non¬ 
bypass extracardiac procedures such as pulmonary artery band¬ 
ing, coarctation repair or systemic to pulmonary artery shunts, 
do not merit routine intraoperative TEE. Simple intracardiac 
procedures on CPB such as surgical closure of a secundum atrial 
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Figure 41.8 Three-dimensional TEE showing prolapse of the right 
coronary cusp into a perimembranous ventricular septal defect. LV, left 
ventricle; RV, right ventricle. 


septal defect will also rarely merit TEE attention. Intraoperative 
TEE is, however, more likely to have a significant impact in cer¬ 
tain lesions such as aortic valve repairs and surgery involving the 
atrioventricular valves. In a large single-center experience, Ran¬ 
dolph et al. [15] were able to categorize clinical impact as minor 
or major, following pre- or post-bypass TEE and documented 
a combined major impact rate of 13.8%. Impact was greatest in 
patients undergoing reoperation. Finally, in many centers, rou¬ 
tine post-bypass TEE is employed by the cardiac anesthetist to 
evaluate LV function and to look specifically for residual intrac¬ 
ardiac air. 

Three-dimensional TEE to assist surgical 
procedures 

Standard cross-sectional 2D TEE techniques depend on the 
operator and surgeon using different planes to build up a pic¬ 
ture of the lesion in question. This approach has many strengths 
including high image resolution and familiarity of most users 
with the technique. The use of color flow Doppler assists in 
detection of, for example, regions of valvar regurgitation or 
residual leaks across septal patches. In selected cases 3D TEE 
may assist as a complementary technique to inform the surgi¬ 
cal approach [27,30,80,81]. Examples can include repair of atri¬ 
oventricular valves, particularly on valves that have undergone 
previous surgical intervention or in patients in whom the posi¬ 
tion of the heart is abnormal where some cross-sectional imag¬ 
ing planes may be difficult to interpret. Lesions where the 3D 
geometry for repair is important are also potential targets for this 
approach such as re-suspension of the aortic valve following aor¬ 
tic valve cusp prolapse (Figure 41.8; Video 41.13). For repair of 
atrioventricular valves, the 3D technique can give unique views 
from the atrial aspect of the valve (Video 41.14) which cannot 
be achieved by cross-sectional techniques. In patients who are 


not large enough to accommodate the 3D TEE probe, we have 
utilized a 3D epicardial approach instead [68]. 

Conclusion 

In congenital and pediatric cardiology 2D and 3D TEE are 
mainly used for intraoperative imaging and for guiding catheter 
interventions. Rarely, purely diagnostic TEE is performed for 
specific indications including detection of intracardiac thrombi 
or suspected vegetations. Currently no pediatric 3D TEE probe 
is available that limits the use of 3D TEE to children >25 kg. In 
smaller children epicardial perioperative imaging is an excellent 
alternative but requires coordination and collaboration with the 
surgical team. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 41.1 TEE of the atrial septum at 0°. The probe is placed infe- 
riorly and withdrawn, the coronary sinus is seen inferiorly and the 
entry of the SVC to the right atrium is viewed superiorly. 

Video 41.2 TEE of the pulmonary veins in a patient with an atrial 
septal defect. The probe is rotated to demonstrate the left pulmonary 
veins and then right pulmonary veins as they enter the left atrium. 

Video 41.3 TEE at 120° showing the left ventricular outflow tract. 
The right coronary cusp has prolapsed into a restrictive ventricular 
septal defect. There is mild aortic regurgitation. 

Video 41.4 Three-dimensional TEE of the normal atrial septum 
viewed from the right atrial aspect. The tricuspid valve is seen open¬ 
ing to the right and the thin oval fossa tissue is seen centrally. 

Video 41.5 Three-dimensional TEE showing a fenestrated atrial 
septal defect visualized from the right atrial aspect. 

Video 41.6 Three-dimensional TEE of a catheter sheath passing 
across a large fenestration in the atrial septum. The depth of image 
permits visualization of the catheter course. 

Video 41.7 Three-dimensional (3D) TEE of three septal occluder 
devices viewed from the left atrial aspect. The 3D technique facili¬ 
tates visualization of the relative position of the devices. 

Video 41.8 A catheter is seen crossing a muscular ventricular septal 
defect in a 4-chamber TEE projection. 

Video 41.9 Three-dimensional TEE assists in delineating the 
course of catheters across the ventricular septum. The catheter is 
seen crossing from the left ventricle to the right ventricle. 

Video 41.10 Cross-plane TEE imaging of a device placed in a mus¬ 
cular ventricular septal defect. This technique permits the operator 
to visualize two separate planes of insonation in a single projection 
to permit different perspectives on the VSD occlude device. 
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Video 41.11 Three-dimensional TEE of a perimembranous ven¬ 
tricular septal defect viewed from the right ventricular aspect of the 
ventricular septum. The defect is adjacent to the tricuspid valve and 
the pulmonary valve is in the far field. 

Video 41.12 Epicardial 3D echocardiogram showing chordal rup¬ 
ture with a flail chord seen clearly within the left atrium during sys¬ 
tole. 

Video 41.13 Three-dimensional TEE of a ventricular septal defect 
with prolapse of the right coronary cusp. 

Video 41.14 Atrial view of an atrioventricular septal defect. The 
trileaflet left AV valve is clearly seen as are the bridging leaflets 
between the left and right ventricles. 
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A short history of 3D echocardiography 

The first publication on 3D ultrasound dates from 1974 [1]. In 
the 1980s various research groups, such as the Tokyo and the 
Duke University groups, produced 3D ultrasound images of the 
heart [2-4]. In the early 1990s the Duke group developed the 
first real-time 3D (RT3D) matrix phased-array transducer, con¬ 
taining 512 elements, with a frame rate high enough to image 
cardiac motion (Figure 42.1) [5,6]. This technique remains the 
basis of all the 3D echo transducers currently commercially 
available. The rapid progression of computer technology, with 
increasing computational power of smaller microprocessors, 
allowed further improvements of the original transducer design 
[7,8]. Initially, the use of 3D echocardiography in pediatric 
cardiology was limited because only low-frequency transducers 
with large footprints were available. In recent years high- 
frequency pediatric probes have been developed for transtho¬ 
racic use [9]. A major breakthrough for 3D echocardiography 
was the development of a 3D TEE probe which enables high- 
resolution images to be obtained due to its higher frequency and 
improved imaging windows. Unfortunately a specific pediatric 
3D TEE probe is not yet available. 

Current clinical applications of 3D 
echocardiography 

3D TTE and congenital heart disease 

Intuitively adding a third dimension is appealing for the diagno¬ 
sis and management of congenital heart disease (CHD). Three- 
dimensional imaging replaces mental reconstruction based 
on 2D imaging for visualizing congenital cardiac anatomic 
abnormalities. However, despite the technological advances, 3D 
echocardiography still has a lower spatial and temporal res¬ 
olution compared with 2D imaging, which limits its current 
use in clinical practice. The lower spatial resolution can be 
a limiting factor, especially when more detailed morphologic 


imaging is needed, for example in congenital and valvar heart 
disease. Despite these limitations, real-time 3D TTE can be used 
in addition to other echo modalities in selected cases for specific 
questions [10]. Three-dimensional echocardiography enables a 
unique surgical “en face view” of the valve morphology to be 
obtained, which can be used in surgical decision making. In 
complex congenital heart disease, it can be used to demonstrate 
the intricate 3D relationships of anatomic structures, as will be 
discussed later in this chapter [11-16]. 

3D TTE and LV function 

For volume quantification of cardiac chambers image resolution 
is less crucial and this has been one of the first important appli¬ 
cations of 3D echocardiography. A large number of studies have 
shown that volumes and ejection fraction calculated by 3D TTE 
correlate much better with CMR-derived volumes and EF com¬ 
pared to those obtained by 2D TTE [17,18]. The major limi¬ 
tation is the feasibility of the technique because a better image 
quality is required for 3D than for 2D analysis. In the adult pop¬ 
ulation this is an important limitation as adequate images can 
only be obtained in approximately 60% of patients. Increasing 
automation of the 3D analysis enables very good reproducibility 
of the methodology, which is an advantage for clinical follow-up 
of patients. In oncology patients, it was recently demonstrated 
to be the method of choice in the clinical follow-up [19]. How¬ 
ever, despite its proven superiority to 2D techniques, 3D LV vol¬ 
umetry has not been included as the preferred technique in the 
guidelines for echo car diographic chamber quantification. 

3D TTE and RV function 

RV function is an important prognostic clinical parameter, espe¬ 
cially in congenital right heart disease, pulmonary hypertension, 
and in different types of left-sided heart disease. In recent years it 
has been shown that 3D TTE can assess RV volumes much more 
reliably than 2D TTE [20,21]. Further detail will be given in this 
chapter under the heading “RV function and 3D echo.” 
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3D transducers 


TTE adult > 20 kg 


TTE pediatric < 20 kg 


Adult TEE 



Footprint 15 x 24mm 



Figure 42.1 Three-dimensional transducers. 
TTE, transthoracic echo; TEE, 

Footprint 1 5 x 20mm transesophageal echo. 


3D TEE and valve function 

A breakthrough in clinical use of 3D echo was the introduc¬ 
tion of the 3D TEE probe. Image quality is superior to that of 
3D TTE and in a few years it has become part of routine clin¬ 
ical practice for some specific indications. In adult cardiology 
3D TEE has become a very important tool in the assessment 
of the morphology and definition of the mechanisms of mitral 
[22] and aortic valve disease, the assessment of the dimensions of 
the aortic annulus and left ventricular outflow tract before tran¬ 
scatheter aortic valve implantation (TAVI), and for guiding dif¬ 
ferent intracardiac interventions. Three-dimensional TEE mon¬ 
itoring is essential for percutaneous mitral valve repair [23] and 
for closure of paravalvular leaks [24]. It is also reported to be 
a very sensitive and efficient technique for excluding thrombi 
in the assessment of the left atrial appendage, which is impor¬ 
tant in atrial fibrillation. The technique uses either a real-time 
3D image of the appendage, or multiplane imaging to simultane¬ 
ously view two perpendicular cross-sections. Fewer reports have 
been published about the role of 3D TEE in congenital heart dis¬ 
ease. Most articles focus on the advantages of RT 3D TEE dur¬ 
ing device closure of ASDs and there are some case reports on its 
value in a more detailed diagnosis of different congenital cardiac 
anomalies. The authors are convinced that the use of 3D TEE will 
expand quickly also in patients with more complex CHD. 

How to do a 3D echo? 

Due to technological advances incorporated into the latest 
matrix 3D transducers, the 2D image quality acquired with some 
of these probes is so good that the entire echo examination 
including 2D, 3D, and all Doppler modalities can be done using 
a single transducer [9]. 

This facilitates the integration of 3D echocardiography into 
daily clinical practice. The new transducer technology is also 
capable of providing a full volume acquisition in one single 


heart beat (at the expense of lower volume rates), as well as live 
3D color Doppler imaging. Intermediate between 2D and 3D 
is biplane imaging. In this mode, two 2D images are acquired 
simultaneously in two planes perpendicular to each other. Addi¬ 
tionally the ultrasound beam can be rotated electronically 360°, 
providing the examiner with a wide variety of 2D cross-sections 
without moving the transducer. 

Image optimization at the time of acquisition 

To optimize 3D image acquisition, we suggest the following: 

1 Choose the optimal transducer frequency. In adults, penetra¬ 
tion is important and lower-frequency transducers are pre¬ 
ferred. In pediatric patients, penetration is less important and 
higher frequency transducers produce a superior spatial res¬ 
olution. 

2 Biplane or live 3D mode (with a narrow sector) can be used 
for orientation, before acquisition of a full-volume data set to 
check if the region of interest is within the pyramid size that 
you have selected. 

3 First optimize the 2D image as much as possible because 3D 
image quality is critically dependent on 2D image quality; 
try to reduce noise and optimize gain settings. If necessary, 
increase the overall gain to ensure visualization of the struc¬ 
tures in the planes that are not represented on the biplane 
mode or data not seen in the live 3D representation. 

4 Choose the smallest sector size that will fit your whole region 
of interest (the smaller the angle, the higher the line density, 
and the higher the spatial resolution). 

5 Note the importance of a regular heart rate if multiple beats 
are acquired. Most modern machines will allow single beat 
acquisitions but these generally have a relatively low frame 
rate. Multiple beat acquisition is based on reconstruction of a 
full volumetric data set based on a series of four to seven ECG- 
gated narrow data pyramids that are stitched together based 
on the ECG. This requires a regular heart rate; if the heart rate 
is irregular, stitching the subsegments into one data-pyramid 
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results in stitching artifacts, because the subsegments are not 
obtained in exactly the same phases of the cardiac cycle. Single 
beat full-volume acquisition is the only alternative for these 
patients. 

6 If multibeat acquisition is used, breath-holding reduces arti¬ 
facts when acquiring full volumetric data sets. Breath-holding 
can be very challenging in children. When children are intu¬ 
bated and ventilated obtaining a controlled breath hold may 
be easier and the opportunity should be considered. 

7 For volumetric measurements, one single acquisition (from 
the apex) is often sufficient. If anatomic assessment is needed, 
multiple acquisitions from different scanning planes may be 
necessary. Ensure that the region of interest is in the center 
of the volume and perpendicular to the ultrasound beam for 
optimal resolution. 

Image rendering 

After image acquisition, one can choose to analyze datasets 
directly on the ultrasound scanner or perform offline analy¬ 
sis using dedicated software. LV volumes and EF can be calcu¬ 
lated within seconds on the platforms. Direct visualization of 
cardiac structures is generally required during catheter inter¬ 
ventions and in the operating theater. Three-dimensional TEE 
images can be shown real-time to guide the interventionalist 
or surgeon. For more complicated morphology offline analy¬ 
sis is recommended, as navigating through the data set often 
takes time and effort. Predefined 3D views are currently avail¬ 
able, which enable fast processing of three data sets and allow 
the operator to obtain quickly certain views, such as an en face 
view on the mitral valve. When starting out with 3D echo anal¬ 
ysis, it is possible to spend hours navigating through a sin¬ 
gle data set [25], but with training and experience, analyzing a 
specific region of interest can be achieved quickly. The essen¬ 
tial “cropped views” and cross-section can be stored as “book¬ 
marks” and included in the structured echo report [26]. Soft¬ 
ware for 3D echo analysis differs between vendors but most sys¬ 
tems include a full volume pyramid data set encased in a cube, 
called a “crop box” (Figure 42.2; Video 42.1). Using a crop box, 
it is possible to go through the data set from each of the six 
sides of the cube, moving from the outer edge to the center or 
even crossing the center point to the opposite side. In terms of 
cutting planes, a coronal (or frontal) plane, that is, left-to-right 
and superior-inferior, a transverse (or horizontal) plane, that is, 
anterior-posterior and left-to-right, and a sagittal (or median) 
plane, that is, superior-inferior and anterior-posterior orien¬ 
tation can be presented, providing innumerable cross-sections 
along each plane [27]. The newer software versions have become 
more versatile and user-friendly compared with earlier versions, 
enabling faster manipulation of the data sets. 

From the full volumetric data sets most systems will allow the 
operator to obtain multiple 2D cuts in different planes, and to 
scroll through the data sets obtaining multiple slices in different 
orientations (coronal, sagittal, and transverse). In complex 
hearts this enables a good definition of the spatial relationships 
of cardiac structures. 



Figure 42.2 A crop box, with inside an anatomical representation of a 
normal heart. The apex is below, the atria above. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. 


Volumetric quantification 

Left ventricular function is important in clinical decision mak¬ 
ing and a reliable assessment of this function is required. In 
clinical practice, 2D echocardiography is the most widely used 
method for assessment of ventricular volumes and function. 
Atrial volume measurements are essential, because left atrial 
enlargement is associated with adverse cardiovascular outcomes 
[28]. Information on right ventricular function is especially 
important in patients with congenital heart disease, pulmonary 
hypertension, or heart failure [29-31]. Although 2D echocardio¬ 
graphy is a widely used technique, the accuracy of the assess¬ 
ments of ventricular size and function, and atrial size, is ham¬ 
pered by foreshortened views and geometrical assumptions. 
Three-dimensional echocardiography overcomes some of the 
limitations of 2D echocardiography and is unquestionably supe¬ 
rior to 2D echo for assessment of volumes and ejection fraction 
(EF) derived from these volumes [32,33]. 

Real-time 3D echocardiography for left 
ventricular function analysis 

RT3D echocardiography can be used clinically for the assess¬ 
ment of left ventricular function, due to the relative ease of 
acquisition of volumetric data, that is, one 3D data set acquired 
from the LV apex (transducer in the apical 4-chamber view 
position), as well as the proven superiority of 3D echocardiog¬ 
raphy for volumetric quantification. RT3D echocardiography is 
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considered more accurate and more easily reproducible 
compared with M-mode or 2D echo cardiography-derived 
calculations of LV volumes and function [34]. The currently 
used ultrasound systems have various imaging options for using 
RT3D echocardiography. To obtain information on ventricular 
function, full-volume RT3D echocardiography is needed. For 
left ventricular analysis, frame rates above 20 frames per heart 
beat are required and can be reached by either the single beat 
acquisition [35] or by using information from multiple cardiac 
cycles. The advantages of using single or two heart beats are that 
patient movement has less influence on acquisition and the tech¬ 
nique may be applied in patients with irregular heart rhythms. 
Because ventricular filling varies during irregular heart rhythms, 
ventricular volumes and EF derived from one heart beat is not 
necessarily representative of ventricular function. Multiple data 
sets (at least three, and preferably more), with mean volumes 
(and ejection fraction derived from these) are needed for a more 
reliable estimation of cardiac function. After the acquisition of 
a data set, left ventricular volumes can be calculated online on 
the echo machine or offline, using the software installed on a 
workstation or personal computer. Different software packages 


for analysis are available which differ slightly in the way the 
analysis is performed. One of them is a centroid-based rota¬ 
tional algorithm. This produces an infinite number of long-axis 
views. Theoretically, the more cross-sections that are analyzed, 
the less dependent the technique will be on assumptions about 
shape and contours and the more reliable it will be. The newest 
software packages feature automatic contour detection based on 
3D speckle-tracking algorithms. By indicating some landmark 
points, such as the lateral and medial mitral valve annulus, and 
the left ventricular apex, a dynamic 3D model of the left ventric¬ 
ular cavity is created (Figure 42.3; Video 42.2). Using automatic 
contour detection systems results in lower inter- and intra¬ 
observer values than manual contour detection [35,36]. This 
improved reproducibility facilitates application in clinical prac¬ 
tice for the follow-up of individual patients. Population-based 
reference values have been obtained for RT3DE-derived mea¬ 
surements [37]. The newest software is also successfully used in 
congenital heart disease, with often abnormally shaped left ven¬ 
tricles due to an intrinsic abnormal geometry or secondary to 
right heart disease. In case of poor acoustic windows, endocar¬ 
dial blurring may affect the semi-automated tracking algorithm 



Figure 42.3 Left ventricular (LV) volume assessment with 3D echo, (a) A 3D hologram of the LV, including the LV outflow tract, (b) A “bull’s eye” 
representation of 16 LV segments, which is valuable for assessment of regional wall motion abnormalities. The values of the automatically calculated LV 
volumes and ejection fraction are shown lower left. 
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used by the software and no reliable volumes can be traced. Poor 
image quality on 2D echo means even poorer 3D image quality 
Currently, CMR imaging is still considered the clinical stan¬ 
dard for the assessment of volumes and function. The measure¬ 
ments are unaffected by geometric and spatial constraints, and 
have a good inter- and intra-observer variability [38] making 
them applicable for sequential assessment. Computed tomogra¬ 
phy (CT) can also be used for ventricular function assessment, 
but because it requires radiation and injection of iodinated con¬ 
trast medium it is not commonly used for this indication. Impor¬ 
tantly when comparing the different imaging modalities signif¬ 
icant differences in LV volumes have been found [39,40]. CMR 
has the best correlation with real volumes (based on measure¬ 
ments of phantoms), RT3D significantly underestimates and CT 
overestimates LV volumes. Between the techniques, the agree¬ 
ment for ejection fraction is excellent. 

Quantification of left ventricular mass 

LV mass can be calculated using RT3D echocardiography. The 
acquisition of the data set for LV mass measurements is identical 
to that of left volumetric measurements. In contrast to the large 
number of studies on feasibility, accuracy, and reproducibility 
of LV volume assessment, there are only a few studies study¬ 
ing RT3D echocardiography for LV mass calculations [41,42]. 
When compared to 2D measurements, 3D mass calculations 
correlate better with CMR-derived LV mass with a lower inter- 
and intra-observer variability (Figure 42.4). Although the mean 
differences between CMR and RT3D echo cardiography-derived 
values of LV mass are within acceptable limits, the standard devi¬ 
ation (SD) of the measurements is substantial in the different 
published studies. This means that the confidence limits of LV 
mass measurements are much wider compared to LV volume 
measurements. This is understandable, as a small error in, for 
example, endocardial border identification, will have relatively 
more impact when measuring a “smaller” structure such as the 
myocardial wall compared to the larger LV volume. The appli¬ 
cability of quantification of LV mass by RT3D echocardiography 
for use in clinical practice remains to be established. 


Three-dimensional deformation imaging 

By definition, 2D deformation imaging is hampered by through- 
plane motion of the heart: during the cardiac cycle the heart 
moves in various directions, through a fixed scanning plane. A 
further limitation is that obtaining myocardial wall motion in 
all segments during the same cardiac cycle is not possible in 2D 
imaging. Three-dimensional deformation imaging overcomes 
these limitations. Myocardial deformation imaging is currently 
based on speckle-tracking echocardiography. Myocardial reflec¬ 
tors or speckles can be tracked throughout the cardiac cycle and 
their relative displacement can be calculated allowing quantify¬ 
ing regional myocardial deformation or strain. When speckle¬ 
tracking analysis is performed in 3D data sets, the problem of 
through-plane motion is resolved. Three-dimensional tracking 
of speckle patterns in high volume rate data sets diminishes the 
need for assumptions on the expected motion pattern by the 
tracking algorithm, and thus theoretically increases the accu¬ 
racy of measurements of deformation. Analysis of the immense 
amount of data, that is, all vectors of all defined speckles, is cum¬ 
bersome. In the currently available software systems, assessment 
is simplified by reducing the analysis to three levels: basal, mid, 
and apical part of the LV walls. Despite its theoretical advantages 
over 2D deformation imaging, the relatively low volume rates of 
3D echo limits temporal resolution and faster myocardial move¬ 
ments will be missed or will not be detected reliably [43,44]. This 
particularly limits its use in younger children, who often have 
high heart rates. 

Quantitative assessment of right ventricular 
size and function 

The RV is more difficult to image by echocardiography than 
the LV because of its crescent shape, retrosternal position, and 
thin, coarsely trabeculated wall [45]. Correlation between M- 
mode and 2D echocardiography-derived measurements of RV 
size and function and CMR-measurements [46-48] is generally 
poor. In patients with congenital heart disease this correlation is 
even lower [49]. None of the proposed geometric models using 


Figure 42.4 Left ventricular (LV) mass: 
comparison of inter-observer variability 
between (a) 2D echo versus cardiac magnetic 
resonance imaging (CMRI) and (b) real-time 
3D (RT3D) echo versus MRI. Because the 
inter-observer difference with RT3D echo is 
less, it is a better, more robust way to assess 
LV mass than 2D echo. 


2D Echo vs. CMRI 


RT3D Echo vs. CMRI 


0 

O 

c 

0 ^ 
0 DC 

r, 0 

* A 
1 o 
£ ^ 


(a) 


120 

80 

40 

0 

-40 

-80 

-120 


• Observer 1 
o Observer 2 


q 

o • • 


% • 


o Q 


V o° 
o""o" 


0 50 100 150 200 

LV mass by CMRI (g) 



250 


0 50 100 150 200 

(b) LV mass by CMRI (g) 


250 









796 Part VIII Special Techniques and Topics 



(a) 


Figure 42.5 (a) Contours of the RV can be traced in the transverse plane at three levels (three left-sided images), in the coronal view (upper left image) and 
the sagittal view (lower right). Contours should be traced in end-diastole and end-systole, and volume calculations are done automatically. Tracing of 
contours in the trabeculated RV is not straightforward, hence inter- and intra-observer variability is substantial. Robust automatic contour detection is 
essential for this application, (b) A 3D representation of a RV volume (a “beutel”) is shown. TV, tricuspid valve; PV, pulmonic valve; *, the convexity of the 
interventricular septum - bulging into the RV - is nicely shown here. Bottom left shows a volume curve of the RV over time. Numeric representation of 
RV volumes are shown at the bottom right. EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction. 


2D echocardiography have been found to reliably calculate RV 
volumes and EF [50]. Real-time 3D echo enables full volumet¬ 
ric data acquisition of the RV and subsequent offline analysis 
using dedicated software allows quantification of RV volumes 
and EF. Compared with LV volume analysis RV volumetric post¬ 
processing is semi-automated and still requires more extensive 


operator input (Figure 42.5; Videos 42.3 and 42.4). Several stud¬ 
ies have demonstrated that RT3D echo assessment of the RV is a 
relatively reliable technique, with acceptable correlation between 
3D echo measurements and CMR volumes, although - as in 
3D echo assessment of FV volumes - a systematic underesti¬ 
mation of RV volumes compared to CMR is found [20]. The 
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Figure 42.5 ( Continued ) 


underestimation becomes more important with increased RV 
size. Ejection fraction correlates well with CMR and it has shown 
to be a reliable screening tool to discriminate between normal 
and low RVEF [51]. Once familiar with the technology, analyses 
may only take a few minutes [24]; it is therefore considered to be 
fast enough for use in clinical practice [52]. 

The relatively poor image quality of 3D echocardiography 
often makes contouring of the trabeculated RV difficult. Mak¬ 
ing use of the superior image quality of 2D echo, an alterna¬ 
tive to 3D echo acquisition and measurement of RV volumes has 


been developed. A set of standardized 2D cross-sections of the 
RV are made. These 2D cross-sections are localized in the 3D 
space by a magnetic tracker attached to the probe. In these 2D 
data sets anatomic landmarks (e.g., the pulmonary valve annu¬ 
lus) are identified. These landmarks together with the spatial 
information are used to reconstruct the RV volume based on 
a data set of RV shapes obtained by CMR. The echo data are 
matched with CMR landmarks and contours of the same con¬ 
genital anomaly as the patient (or normal anatomy) and a RV 
volume and shape are reconstructed in systole and diastole. As 
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a rule, dozens of CMR data sets are necessary for the recon¬ 
struction of one reconstructed 3D echo data set. First reports 
of this so-called “knowledge-based reconstruction” are encour¬ 
aging and demonstrated very good correlation with CMR in 
terms of volumes - with less underestimation of volumes than 
RT3D echo - and EF [53,54]. This system may offer an alter¬ 
native to RT3D echo of the RV, at least until image resolution 
of 3D echo improves to the level that is now obtained with 2D 
echo. This technique also overcomes the limitations in feasibil¬ 
ity of the 3DRT techniques. The RV anterior wall and RV apex 
can be especially difficult to acquire in full volumetric data sets, 
particularly when the RV is dilated. In most patients it is fea¬ 
sible to obtain 2D data sets including important RV anatomic 
landmarks. The limitation of this technology is that it requires 
magnetic tracking and the availability of dedicated software. 

Valve morphology and function 

In adults, 3D TEE enables far more superior image quality mak¬ 
ing it the technique of choice for the assessment of mitral, aortic 
and tricuspid valve morphology and function in selected cases. 
In recommendations for imaging during transcatheter aortic 
valve implantation, 3D TEE is included as the preferred echo 
modality, considered to be superior to 2D TEE as it results in 


less underestimation of the LVOT dimension and aortic annulus, 
and hence less frequent undersizing of the implanted valve with 
a decreased incidence of subsequent paravalvular leaks [55-58]. 
Three-dimensional TEE also replaces 2D TEE for morphologic 
and functional assessment of the mitral valve. The “surgeons 
view,” looking from the left atrium into the mitral valve, is par¬ 
ticularly useful [59] (Figure 42.6; Videos 42.5 and 42.6). A flail or 
prolapse can be seen directly [60] and even more difficult com¬ 
missural regions are readily visualized. In combination with 3D 
color it allows identification [61] of the exact areas of regurgi¬ 
tation that can direct the surgeon to certain valve areas. Differ¬ 
ent techniques for transcatheter treatment of mitral regurgita¬ 
tion (Figure 42.7; Videos 42.7-42.9)have become available over 
the past few years, and without doubt, 3D TEE is the preferred 
imaging technique for monitoring and guiding these procedures 
[23,62,63]. Specific analysis software has been developed allow¬ 
ing quantification of the mitral valve and its subvalvar apparatus 
based on 3D TTE or TEE data sets. 

As at the end of 2013, no pediatric 3D TEE probe is available. 
This precludes the use of this technique in smaller children. The 
better imaging windows in the pediatric population generally 
facilitate the use of 3D TTE. In particular, subcostal views can 
produce very good 3D images of cardiac valves in this patient 
population, for whom procedures and surgery present greater 
difficulties. 



(a) (b) 

Figure 42.6 (a) View from left atrium (LA) into the mitral valve (MV). A protruding part of the MV leaflet can be seen in the center of the posterior 
leaflet - at p2 level, (b) A left lateral cross-section of the MV showing a prolapse of the PMVL. The localization, extent, and severity of the MV prolaps can 
be assessed easily with 3D echo. PMVL, posterior mitral valve leaflet; *, en face view of LV side interventricular septum; **, left atrium; ***, right 
ventricular outflow tract. 
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Figure 42.7 Transcatheter treatment of mitral 
regurgitation. TEE guidance of a MitraClip 
procedure. Left atrial view of mitral valve, 
with the MitraClip above the mitral valve, 
still in the left atrium. AMVL, anterior mitral 
valve leaflet; PMVL, posterior mitral valve 
leaflet; AoV, aortic valve; *, distal end of 
catheter, attached to the MitraClip. Source: 

Reproduced with permission of Kim Urgel, 

UMCU. 

Congenital heart disease 

In experienced hands, a 2D echo examination of a patient with 
congenital heart disease is almost always diagnostic. In contrast 
to volumetries, for which the 3D technique is so obviously 
superior to 2D echo that it should replace it, the use of 3D in 
congenital heart disease is still relatively limited. It can be used 
in addition to 2D echo, which has a superior spatial and tempo¬ 
ral resolution. Compared to high-quality 2D, 3D images have 
a much lower resolution. This is because the 3D line density 
is substantially lower than in 2D imaging, the interline space 
is wider and structures that are detected, appear to be thicker 
than they actually are. Despite these shortcomings, which will 
undoubtedly lessen as techniques advance in the coming years, 
3D echo has some value in congenital heart disease. Viewing 
3D images, makes the understanding of the anatomy easier and 
more intuitive. Instead of using multiple 2D cross-sections to 
make a mental reconstruction the anatomy is shown directly. 
With the en face view one can look onto (or into) either or valve 
or a septum as a whole. Also difficult spatial relationships can 
be studied well in volumetric datasets containing all cardiac 
structures of interest. Like in complex double-outlet right ven¬ 
tricle the relationship of the ventricular septal defect to the great 
vessels can be better defined in different planes. In standard TTE 
or TEE, a specific cross-section depends on the position of the 
ultrasound transducer, relative to the heart. In a 3D data set, any 
cross-section can be made, in any plane, in any direction, regard¬ 
less of the original source of the data set. This means that all 
standard 2D cross-sections - from TTE or TEE - can be made in 
a 3D data set, as well as many more. Multiple 2D cross-sections 


and scrolling through 3D data sets in different planes can be very 
helpful. In the following section, examples of the use of 3D in 
various congenital cardiac malformations are given. 

Atrial septal defect 

In children, 2D TTE echocardiography is often diagnostic for 
different types of atrial septal defects (ASDs). The intra-atrial 
septum can be visualized from several transducer positions 
(especially subcostal views) and the ASD itself, its rims and dis¬ 
tances to important intracardiac structures, can be measured. 
Generally the optimal 3D data set for an ASD is also acquired 
from the subcostal position, which is almost always feasible in 
infants and children [64], but rarely in adults. When the sub¬ 
costal view is not possible, the transducer can best be positioned 
either on the site from where a foreshortened 4-chamber view 
is created, or from where a parasternal long-axis view angulated 
to the right (RV inflow view), is made. In adult congenital heart 
disease, 3D TTE data are more difficult to obtain and are not 
generally diagnostic. TEE enables better imaging of the inter¬ 
atrial septum and increasingly with 3D TEE is used to guide 
interventional closure of an ASD, especially when a more com¬ 
plex closure procedure is anticipated. Alternatively, intracardiac 
echocardiography can be used but this is a more expensive tech¬ 
nique as it utilizes single-use ultrasound catheters. 

The size of ASDs and their exact location and relationship 
to other cardiac structures has become more important since 
transcatheter closure of ASDs was introduced [65-68]. Not all 
defects are suitable for transcatheter closure; they should not be 
too large relative to the total septal size, the rims should be suffi¬ 
cient to provide “anchoring” of the device, and the defects should 
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inferior 


Figure 42.8 Right lateral view, looking on the 
right side of the interventricular and 
interatrial septum. The en face view allows 
assessment of size and localization of atrial 
septal defects (ASDs) (arrows), (a) A large 
secundum ASD is seen with good rims 
surrounding the defect, (b) A small 
secundum ASD is seen high in the interatrial 
septum, without a posterior rim. IVC, 
inferior vena cava; SVC, superior vena cava; 
TV, tricuspid valve. 


not be too close to important intracardiac structures (mitral 
and tricuspid valves, coronary sinus or orifices of systemic/ 
pulmonary veins). The advantage that RT3D echo has for anal¬ 
ysis of an ASD is the possibility to create an en face view that 
looks at the interatrial septum [69]. The entire interatrial sep¬ 
tum can be seen, with the defect within it (Figure 42.8). It can be 
viewed and measured, both from the left and right atrial sides, 
and the rims around the defect can be seen in one view. From the 
right-sided view, distances to important anatomic landmarks, 
such as the tricuspid valve, the ostium of the coronary sinus 
and the ostia of the caval veins, can be directly seen and mea¬ 
sured (Figure 42.9; Video 42.10. Mathewson et al. [70] proposed 



Figure 42.9 A right lateral view onto the intra-atrial septum with a large 
atrial septal defect. It is a fossa ovalis type defect with extension to 
antero-superior, the direction of the aortic root. SVC, superior caval vein. 


a standardized orientation and nomenclature for the rims (Fig¬ 
ure 42.10). If the data set is cropped from the left lateral side, 
the distance to the right pulmonary veins and mitral valve can 
be assessed. A good correlation between RT3D echo and surgi¬ 
cal measurements and between RT3D echo and TEE is reported 
regarding measurements of the rim [71]. Most ASDs are not 
round but have an oval or even slit-like shape [72]. Something 
difficult to appreciate with 2D echo is the size change of the 
ASD during the cardiac cycle, but this is easy to see in the en 
face view using RT3D echo [73]. The area of the defect is largest 
during atrial relaxation, coinciding with ventricular systole, and 
smallest during atrial contraction. During this period, the area 
was reported to be 51 ± 15% smaller than during atrial relax¬ 
ation. This information is important for the interventional car¬ 
diologist [74,75] who depends on these anatomic details when 
deciding on transcatheter closure [76]. A systematic step-by-step 
approach, both for diagnostic TEE and TEE guiding of ASD clo- 
surehas been proposed [77]. 

Ventricular septal defects 

Data sets are acquired from the apical 4-chamber position and 
from the parasternal long-axis view. In pediatric patients, the 
subcostal view is very useful. If cropped from the left side, the 
left-lateral view also reveals its relation (or distance) to the mitral 
and aortic valves. If the same data set is viewed from the right 
side, the ventricular septal defect (VSD) can be seen in rela¬ 
tion to the tricuspid and pulmonary valves. Experience with 3D 
TEE for assessment of VSDs or for guiding device closure is 
anecdotal. 

The interventricular septum (IVS) has a complex, spheri¬ 
cal shape, which cannot be visualized in a single 2D plane. 
VSDs also change in size during the cardiac cycle. Muscular 
defects can even close entirely during ventricular systole. In per- 
imembranous defects the size change is less striking, which can 
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Figure 42.10 (a) A schematic presentation of the interatrial septum, the atrial septal defect (ASD) and surrounding rims, as proposed by Mathewson et al. 
AAO, ascending aorta; AI, antero-inferior; AS, antero-superior; IVC, inferior vena cava; PI, postero-inferior; PS, postero-superior; SVC, superior vena 
cava; S, superior. Source: Mathewson JW, et al. Absent posteroinferior and anterosuperior atrial septal defect rims: Factors affecting nonsurgical closure of 
large secundum defects using the Amplatzer occluder. / Am Soc Echocardiogr 2004;17:62-69. (b) A right lateral view of the interatrial and 
interventricular septum. The upper asterisk shows the atrial septal defect. The lower asterisk shows the inferior-posterior rim. ASD II, atrial septal defect 
secundum type; IAS, interatrial septum; IVC, inferior vena cava; IVS, interventricular septum; SVC, superior vena cava; TV, tricuspid valve. 


probably be explained by the fact that such a defect is not entirely 
surrounded by contracting muscular tissue. It is again the en 
face view of the interventricular septum that brings the benefit, 
by showing the curved interventricular septum, the VSD within 
it and the relationship with other intracardiac structures (Fig¬ 
ure 42.11; Video 42.11). The spatial relation of the VSD to other 
parts of the intracardiac anatomy can be assessed, either directly, 
during the data acquisition, or offline, in one 3D data set (Fig¬ 
ure 42.12; Video 42.12) [78,79]. 

On the right ventricular side, a perimembranous VSD is often 
(partially) covered by the septal leaflet of the tricuspid valve, 
blocking the view from the right lateral side to the VSD. This 
tissue can be “cut away” electronically thus exposing the entire 
VSD. This view is valuable because it mimics a surgical view 
used for VSD closure. Several authors have reported a better 
correlation between RT3D echo assessments of VSDs and sur¬ 
gical anatomy compared with 2D imaging [80-84]. This can be 
very helpful for the interventional cardiologist considering tran¬ 
scatheter closure of a VSD [85]. 

Atrioventricular septal defect (AVSD) 

In infants and young children, both the subcostal and the apical 
4-chamber views can provide good datasets that include the AV 
valve and the inlet septum. In adults, only the apical and fore¬ 
shortened 4-chamber views are used. 

Three-dimensional TTE is the only option for infants and 
smaller children. In larger children and adults 3D TEE should 
be considered prior to cardiac surgery of AVSD (mostly partial 


AVSD or primum defects). Epicardial RT3D echo before and 
directly after surgical repair, on a beating heart before closing 
the sternum, is reported as being useful in the immediate post¬ 
bypass assessment [86] in infants and children, who are too small 
to accommodate an adult-size 3D TEE probe. 



Figure 42.11 View from right lateral side of the heart, looking onto the 
right ventricular side of the interventricular septum. The contour of the 
VSD is indicated by the asterisks. AO, aorta; LV, left ventricle; RA, right 
atrium; RYOT, right ventricular outflow tract. 
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Figure 42.12 A “tile” view of a 3D data set of a 
closure device in a VSD. Three perpendicular 
planes are represented and a 3D hologram at 
the bottom right. In the 3D view it is obvious 
that the device has closed a perimembranous 
VSD, directly underneath the tricuspid valve, 
in the inner curvature of the right ventricle. In 
the two upper 2D cross-sections, the close 
relation of the device with the aortic valve can 
be appreciated. AO, aorta; LA, left atrium; LV, 
left ventricle; RA, right atrium; RV, right 
ventricle; RVOT, right ventricular outflow 
tract; TV, tricuspid valve. 


Imaging the common atrioventricular valve in different types 
of AVSD is one of the main indications for the use of 3D echocar¬ 
diography in congenital cardiology (Figure 42.13; Video 42.13). 
The anatomy of the AVSD is described in detail elsewhere (see 
Chapter 15). The anatomic hallmark of an AVSD is the pres¬ 
ence of one common atrioventricular (AV) junction guarded 
by a common AV valve, most often consisting of five leaflets 
and this is readily seen with 3D echo (Figure 42.14). A com¬ 
plete AVSD has a single, undivided orifice. In a partial AVSD, 
the anterior and posterior bridging leaflets are attached to each 
other and to the interventricular septum. This results in two sep¬ 
arate orifices in a partial AVSD. The annulus of the AVSD is 
a curved, saddle-shaped structure, which cannot be displayed 
in any 2D cross-section, but it can be well visualized with 
3D echo. 

The en face view of the atrioventricular valve is especially 
valuable as it allows visualizing of all leaflets in one image repre¬ 
sentation (Figure 42.15; Videos 42.14 and 42.15). The valve can 
be viewed directly from the, atrial side (the surgical view) as well 
as from the ventricular side. Because the entire valve is directly 
seen and also the subvalvar apparatus can be images, classifi¬ 
cation according to Rastelli is much easier than by using 2D 
echo. RT 3D echo, particularly the en face view, has contributed 
to a better understanding of the functioning of these abnor¬ 
mal valves [87-93]. Recent data suggest that 3D echocardio¬ 
graphy better detects valve abnormalities like a double-orifice 
left AV valve and parachute-like abnormalities of the left AV 
valve. Assessment of the size of the individual leaflets and their 


movements, combined with assessment of the localization and 
severity of regurgitation by means of 3D color Doppler, allow a 
better preoperative estimation of the amount of valve tissue that 
is available for valve reconstruction. Also in the postoperative 
assessment 3DE can be extremely helpful in better defining the 
mechanisms causing residual AV-valve regurgitation [93]. This 
can be extremely helpful in preoperative planning of repeated 
surgery. 

In adults, the most common presentations are either an unop¬ 
erated patient with a partial or partitioned AVSD, or a patient 
who has undergone surgical repair in the past. Residual left¬ 
sided AV valve regurgitation and left ventricular outflow tract 
obstruction are the most common residual lesions after surgi¬ 
cal repair. In a 3D TTE data set of an adult patient, obtained 
from an apical or foreshortened 4-chamber position, the atrial 
en face view is often disappointing when compared with this 
view in children or when compared with 3D TEE data. This way 
3D TEE has become a first-choice imaging modality for patients 
in whom reintervention is being considered. The commissure 
between the superior and inferior bridging leaflets, often erro¬ 
neously referred to as mitral valve with a cleft, is seen over its 
entire depth from the tip of the leaflets, toward the interventric¬ 
ular septum (Figure 42.16; Videos 42.16 and 42.17). With 2D 
echocardiography, it is sometimes difficult to distinguish left¬ 
sided and right-sided AV valves in an AVSD from normal mitral 
and tricuspid valves. With RT3D this confusion is impossible, 
because the marked difference of these AV valves from the nor¬ 
mal anatomy can be readily visualized. 
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Figure 42.13 A “tile” view of an AVSD. The 
upper left tile shows an image comparable to 
that of an apical 4-chamber view. In the upper 
right tile, the red plane perpendicular to the 
green plane forms the neighboring 4-chamber 
view, a posterior to anterior orientation is 
shown at the same level, at the atrioventricular 
junction. The lower left tile shows a 
cross-section of the single atrioventricular 
orifice, where left and right atrioventricular 
valve leaflets can be seen. The lower right tile 
shows an unusual orientation of the 3D echo, 
from the apex rather than the more usual view 
toward the atrioventricular valve, through a 
part of the intact interventricular septum (IVS) 
into the right ventricular outflow tract (RVOT). 
LA, left atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle. 




Figure 42.14 In this RT 3D TTE image of a newborn with AVSD, the size 
and shape of the AVSD is seen in one image. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV; right ventricle. Source: Dr. Jan Marek, 

Great Ormond Street Hospital for Children, London. Reproduced with 
permission of Dr. Marek. 

Tricuspid valve anomalies and Ebstein anomaly 

Echocardiographic analysis of the tricuspid valve (TV) can be 
difficult and is generally limited by the fact that it can be 
extremely difficult to image the three leaflets of the TV in 2D. 
In the standard 2D echo views generally only two leaflets are 
visible, and it can be difficult to differentiate between the septal 
and the postero-inferior leaflets. TEE can be very helpful in the 


evaluation of the TV, but because the TV is positioned further 
away from the transducer located in the esophagus than the 
mitral valve, imaging can be more difficult. This is also true in 
case of Ebstein anomaly, the most common congenital malfor¬ 
mation of the TV. The anatomy and echocardiographic workup 
of Ebstein disease (Chapter 13) is discussed extensively else¬ 
where in this book. An RT3D data set acquired from the sub¬ 
costal view in children or from the apical or foreshortened 4- 
chamber position in adults will generally include the entire TV. 
A parasternal long-axis RV inflow view, can also provide excel¬ 
lent 3D data sets for viewing the TV. In one acquisition, the 
tricuspid annulus, the three leaflets with their attachments to 
the septum and to the anterior wall, and the degree of displace¬ 
ment of the functional TV orifice away from the annulus can 
be shown (Figure 42.17; Video 42.18). Assessment of the TV by 
TEE, including 3D TEE, is more challenging than assessment of 
the MV. A good transesophageal view on the entire TV can be 
especially difficult in Ebstein disease, and sometimes a 3D trans- 
gastric view will give a better image. 

In order to assess the size and (often very irregular) shape of 
the TV orifice, an en face view is necessary. It can be a chal¬ 
lenge to obtain a good en face view because of the wide vari¬ 
ety of degree and direction of displacement of the TV opening 
[94]. One of the characteristics of Ebstein anomaly is the spiral¬ 
ing of the TV opening toward the right ventricular outflow tract. 
Once a good en face view is obtained, not only can the orifice 
be seen, but also the anterior-superior leaflet and the extent to 
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Figure 42.15 View from the atrial side down toward the common 
atrioventricular junction of a patient with a complete atrioventricular 
septal defect. In the single orifice, the superior and inferior bridging leaflets 
are visible in an en face view, as is the left mural leaflet. IBL, inferior 
bridging leaflet; ML, mural leaflet; SBL, superior bridging leaflet. Source: 
Dr. Jan Marek, Great Ormond Street Hospital for Children, London. 
Reproduced with permission of Dr. Marek. 



Figure 42.17 Transgastric view of Ebsteins anomaly, with tricuspid valve 
tissue extending far into the right ventricle. The remaining part of the right 
ventricle is small. The caliber pulmonary artery (PA) looks normal. Ao, 
aorta; aRV, atrialized part right ventricle; RA, right atrium; RVOT, right 
ventricular outflow tract. 

which it is attached to the RV free wall can be appreciated (Fig¬ 
ure 42.18; Video 42.19). In case of TV stenosis, the en face view 
can be used for planimetry of the orifice. Both the en face view 
and the right lateral view will provide extra anatomic informa¬ 
tion in addition to the 2D analysis. A combination of RT3D and 
(3D) color Doppler will provide more insight into the mecha¬ 
nism of tricuspid regurgitation. 

In patients with hypoplastic left heart syndrome undergoing 
single ventricular palliation, tricuspid regurgitation is a com¬ 
mon and can have significant hemodynamic impact. Recent 
data have demonstrated that 3D echocardiography can provide 
important insights into the mechanisms of valve regurgitation. 
Takahashi et al. demonstrated that annular dilatation together 
with valve prolapse and restricted valve motion are important 
contributory factors to at least moderate tricuspid regurgitation 
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Figure 42.16 En face view from LV apex 
toward the left-sided atrioventricular valve. 
The commissure between anterior and 
posterior bridging leaflet runs from lateral 
toward the interventricular septum (this 
differs from a cleft in a mitral valve, which 
runs toward the aortic valve). AVSD, 
atrioventricular septal defect; IVS, 
interventricular septum; LVOT, left 
ventricular outflow tract; RV, right ventricle. 
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Figure 42.18 En face view of the displaced TV. The septal leaflet is seen 
attached to the interventricular septum. The large and sail-like anterior 
superior leaflet can also be seen. ASL, anterior-superior leaflet; IL, inferior 
(infero-posterior) leaflet; LV, left ventricle; RVOT, right ventricular outflow 
tract; SL, septal leaflet. 

[92]. This with structural abnormalities of the tricuspid valve 
leaflets [93] contributes to the severity of tricuspid regurgitation 
after surgical palliation. 

Transposition of the great arteries (TGA) 

In the anatomic diagnosis of simple transposition of the great 
arteries (with no additional intracardiac abnormalities, RT3D 
echocardiography has no specific advantage over a 2D echo. 
Generally, with 2D echo the anatomy can be reliably depicted. 
In complex transposition, 3D visualization of the spatial relation 


of septal defects to other cardiac structures may sometimes be 
useful. In adult congenital heart disease, many patients with sim¬ 
ple transposition of the great arteries have undergone an atrial 
switch procedure (either Mustard or Senning). In these patients 
the systemic venous blood is redirected to the left ventricle while 
the pulmonary venous blood is redirected to the right ventricle 
through complex intra-atrial tunnels. The right ventricle (RV) 
sustains the systemic circulation and is subject to systemic ven¬ 
tricular pressures, causing the ventricular septum to bulge to the 
left (Figure 42.19). RT 3D TTE is very helpful for imaging atrial 
tunnels, of which the anatomy is sometimes difficult to under¬ 
stand and image for non-experts. Figure 42.20 is a schematic 
drawing intended to help understanding of this aspect of the 
anatomy. A 3D acquisition from the apex is very valuable, but 
since the atrial tunnels are in the far field, ultrasound penetration 
and image resolution is often not optimal. Data sets acquired 
from a parasternal position can produce clear images of the atrial 
tunnels and pulmonary venous atrium. Experience with 3D TEE 
is anecdotal for this lesson. 

Multiplane reconstruction (“quad tiling”) is the first very help¬ 
ful step in the analysis of a transposition after atrial switch. By 
scrolling through the oblique coronal plane from posterior to 
anterior, the inferior tunnel is seen first, with its course almost 
exclusively from right to left (Figure 42.21). At this level, the pul¬ 
monary venous atrium is seen, posterior from this inferior tun¬ 
nel, with the left pulmonary veins draining from the left-lateral 
side into this compartment (Figure 42.22). On scrolling more 
anteriorly, the inferior tunnel disappears from this plane and the 
right pulmonary veins can now be seen entering the pulmonary 
venous atrium as well as the connection between pulmonary 
venous atrium and the right atrium, approximately at the level 
of the former interatrial septum (which has been removed dur¬ 
ing surgery). Going further anteriorly, the pulmonary venous 
atrium disappears from view and the superior tunnel is visual¬ 
ized, with a predominant superior-to-inferior course. Most of 


Figure 42.19 Transposition of the great 
arteries. Note the muscular band between 
tricuspid valve and aortic valve. View from 
the apex toward the atrioventricular and 
ventriculo-arterial valves. The aorta is 
anterior and to the right of the pulmonary 
valve. The asterisk (*) denotes the muscle 
band separating aortic valve (AoV) and 
tricuspid valve (TV). The left ventricle is 
flattened behind and to the left of the highly 
pressured right ventricle. MV, mitral valve; 
PV, pulmonary valve. 
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Figure 42.20 (a) Schematic drawing that does justice to both physiology and anatomy Note that the superior and inferior baffles enter the anterior part of 
the left atrium (the posterior part is left free for drainage of the pulmonary veins) at an almost acute angle. This is also visible in (b), a magnetic resonance 
image (MRI) with a coronal view of the heart. Image (c) is an axial cross section of the heart showing that the pulmonary veins in the posterior wall of the 
left atrium drain into the right atrium. The inferior baffle runs beneath this level from left to right; the superior baffle runs above the level of this cutting 
plane from inferior to superior. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; VCI, vena cava inferior; VCS, vena cava superior. 


these 2D cross-sections can be acquired during the standard 2D 
echo workup, and it can therefore be argued that RT3D echo 
gives no real benefit. However, in our experience, the benefit 
consists in the possibility to show, offline, the exact orientation 
of these cross-sections in 3D space. Moreover, there is an excel¬ 
lent en face view of both superior and inferior tunnels, and their 
course from the caval veins to their entrance in the remnants of 
the original left atrium can be followed (Figures 42.23-42.25). If 
a tunnel stenosis is present, the area and length of a narrowed 
segment in the tunnel can be seen. A previously placed stent 
can also be assessed. When embarking for the first time on 3D 
analysis of patients with TGA after a Mustard- or Senning-type 
repair, it is helpful to start with a patient who has an endocar¬ 
dial pacemaker. The superior vena cava and the superior tun¬ 
nel are identified easily because they contain a pacemaker wire. 
A stent can be helpful as well; if a patient has a stent in a supe¬ 
rior or inferior tunnel, recognition of the anatomic structure that 
contains the stent makes orientation in the difficult 3D anatomy 
easier. 

For patients with a complex transposition and a Rastelli-type 
repair, the intracardiac conduit from the left ventricle toward the 
anteriorly positioned aortic valve can be visualized and shown 
in relation to the adjacent structures. It is difficult, just as in 2D 
echo, to assess the anteriorly positioned conduit from right ven¬ 
tricle to the pulmonary artery. 

Tetralogy of Fallot 

In infants, a dataset acquired from the subcostal position can 
contain the entire heart with tetralogy of Fallot. The whole 
anatomy with the relation between the VSD, the aortic valve, the 
interventricular septum and the narrowed right ventricular out¬ 
flow tract and pulmonary valve, can be shown (Figure 42.26). 


If the VSD has an uncommon shape or extension, for exam¬ 
ple, also toward the perimembranous or inlet part, this can be 
appreciated from both left lateral and right lateral views. The 
fact that the entire defect and its bordering structures can be 
visualized in one view is the most important benefit of 3D echo. 
Planimetry of the pulmonary annulus is sometimes feasible, but 
the outcomes rarely differ from what is known from 2D echo. 
The biggest challenge for the sonographer in tetralogy of Fallot 
after surgical correction is not morphology but the assessment 
of ventricular volumes and function. As described earlier, both 
LV and RV function can be assessed more reliably with RT3D 
echo than with 2D echo. 3DE has an important role in the post¬ 
operative assessment of TOF patients with residual pulmonary 
regurgitation. 

Real-time 3D echo in other congenital cardiac 
malformations 

There is very little experience published so far about the bene¬ 
fits of RT3D echo in malformations other than the few described 
earlier. There have been case reports about its use in double¬ 
outlet right ventricle, subaortic stenosis [96] (Figure 42.27), dou¬ 
ble aortic arch [97], right atrial aneurysm [98], and infective 
endocarditis of a patent foramen ovale [99]. These are examples 
of the growing awareness of the potential of RT3D echo for use in 
congenital heart disease, but more experience is needed and the 
exact role of RT3D echo in the analysis of these complex congen¬ 
ital cardiac lesions remains to be established. The en face view on 
septa or valves and the possibilities for imaging abnormalities 
in relation to the surrounding anatomy are the most important 
aspects by which RT3D echo differs from 2D echo. The extent of 
the benefits that these views will have will differ for each abnor¬ 
mality probably from virtually nothing to extremely helpful. 
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Figure 42.21 Three tile presentations each of a 3D 
image and three orthogonal 2D cross-sections. The 
images differ in the level of the cross-section through 
the 3D dataset, indicated in each case by the green 
plane in tile 4 (bottom right). The representation of the 
green section is shown in tile 1; the levels of the 
cross-sections are seen in tiles 2 and 3. The first level of 
the cross-section (a) is quite posterior and the 
connection with the inferior baffle is shown. Moving a 
bit more anteriorly (b), the inferior baffle is out of this 
plane, but the connection of the pulmonary veins and 
pulmonary venous atrium to the right atrium can be 
seen. Moving even further anteriorly (c), the 
pulmonary venous atrium disappears and the first part 
of the superior baffle is visible. 
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Figure 42.22 The anterior wall of the heart is 
cut away to give a view parallel to the 
interventricular septum in the heart. The 
“orifice” where the inferior baffle enters into 
the left atrium can be seen and is indicated 
with a star. Pulmonary veins from left and 
right can be seen entering the pulmonary 
vein atrium (PVA), which is connected 
without obstruction with the right atrium 
(RA). LA, left atrium; LV, left ventricle; RV, 
right ventricle. 


Future applications 

Improvement of image resolution, at least to the level of con¬ 
temporary 2D echo, is expected in the coming years. This will 
overcome many of the objections against the current 3D echo 
systems. Better image resolution is likely to lead to better identi¬ 
fication of the endocardial borders, which will allow more repro¬ 
ducible tracing of ventricular volumes. High-resolution images, 
comparable to that of 2D echo data, with accurate representa¬ 
tion of even smaller and thinner intracardiac structures, will 
certainly result in better acceptance of 3D echocardiography in 


clinical practice. Another future development that will influence 
the use of 3D echocardiography for morphology is 3D viewing. 
When 3D imaging is used for assessment of morphology 3D ren¬ 
dering should be the standard. The current 3D imaging modes 
are represented as holograms on a flat 2D screen. The use of 
3D screens, full holographic projection of 3D data sets and 3D 
printing techniques will change the field and take it to the next 
level. 

Looking back over the short history of ultrasound, progress¬ 
ing from A-mode and M-mode, which were extremely expert- 
dependent techniques, to B-mode, which was substantially more 



Figure 42.23 Tile presentation of a 3D 
dataset with three planes of cross-section. 

The red and green planes are perpendicular 
to each other, and the blue plane is modified 
to produce a good cross-section of the 
superior baffle. This plane can be moved 
from inferior to superior providing 
cross-sections of the superior baffle along its 
course. The diameter and circumference of 
the baffle can be measured reliably with 
planimetry in this way. The entire superior 
baffle is visualized within the green plane, 
and the entire inferior baffle is seen in the red 
plane. This demonstrates that the baffles have 
a course perpendicular to each other and 
enter the remains of the left atrium with 
separate orifices. This patient has a stent in 
the inferior baffle, making the entrance of the 
inferior baffle clearly visible. 
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Figure 42.24 The same patient as in 
Fig. 42.23. Now the green plane is adjusted in 
such a way that it gives a cross-section of the 
inferior baffle. The blue plane still represents 
the plane perpendicular to the course of the 
superior baffle. 
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accessible but still expert-dependent in acquisition and interpre¬ 
tation, 3D echo has the potential to show the heart as a real 3D 
structure. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 42.1 A crop box, showing inside an anatomical representa¬ 
tion of a normal heart. The heart is cut through a coronal cross- 
section, moved first posteriorly and then anteriorly. The spatial rela¬ 
tion between anatomical structures can be well appreciated in this 
way. Note the bulging of the interventricular septum to the right. At 


the end of the clip, the right ventricular outflow tract and pulmonary 
valve are seen, as structures that lie most anteriorly. 

Video 42.2 On the left side, a 3D hologram of the left ventricular 
(LV), including the LV outflow tract, is shown. On the right side a 
“bull’s eye” representation of 16 LV segments is shown, valuable for 
assessment of regional wall motion abnormalities. In the lower left, 
the values of the automatically calculated LV volumes and ejection 
fraction are shown. The color bar, at the far right of the clip, indi¬ 
cates the timing of the contraction. An even color during the car¬ 
diac cycle - as in this patient - indicates synchronous contraction 
and relaxation. In case of dyssynchrony of one or more segments, 
these segments will show immediately in a different color, enabling 
instantaneous recognition of delayed segments. 


Figure 42.25 Again the same patient as in the 
previous figures. The green plane is adjusted 
to follow the course of the inferior baffle 
more to the right in the direction of the 
inferior caval vein. The inferior baffle can be 
followed this way along its course and 
planimetry can be done to measure surface 
and circumference. 
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anterior 


- bulging into the RV - shows well here. Bottom left shows a 
volume curve of the RV over time. The numeric representation 
of RV volumes is shown at bottom right. EDV, end-diastolic vol¬ 
ume; EF, ejection fraction; ESV, end-systolic volume; SV, stroke 
volume. 

Video 42.5 View from left atrium (LA) into the mitral valve (MV). 
A protruding part of the MV leaflet can be seen in the center of the 
posterior leaflet - at p2 level. In a left lateral cross-section of the MV 
(see Video 42.6) a prolapse of the PMVL is shown. The localization, 
extent, and severity of the MV prolaps can be assessed easily with 
3D echo. 

Video 42.6 Left lateral view of a mitral valve. The 3D data set can be 
turned in every direction, which enables viewing of the MV prolaps 
from all sides. 


cranial 


caudal 


posterior 


Figure 42.26 “Anyplane” cross-section in a patient with tetralogy of Fallot, 
showing left ventricle (LV), hypertrophic right ventricle (RV), ventricular 
septal defect (VSD) and overriding aorta. AoV, aortic valve; IVS, 
interventricular septum. 


Video 42.3 The contours of the right ventricle (RV) can be traced 
in the transverse plane at three levels (the three left-sided images), 
in the coronal view (upper left), and the sagittal view (lower right). 
Contours should be traced in end-diastole and end-systole, and vol¬ 
ume calculations are done automatically. Tracing of contours in 
the trabeculated RV is not straightforward, hence inter- and intra¬ 
observer variability is substantial. Robust automatic contour detec¬ 
tion is essential for this application. 

Video 42.4 A 3D representation of a RV volume (a “beutel”) is 
shown in this clip. The convexity of the interventricular septum 



Figure 42.27 Left lateral view from a dataset acquired from a parasternal 
position. The left lateral wall of left atrium, left ventricle and ascending 
aorta are cut away. The circular opening of the subaortic stenosis is clearly 
visible. AoV, aortic valve; LA, left atrium; PMVL, posterior mitral valve 
leaflet. 


Video 42.7 TEE guidance of a MitraClip procedure. A left atrial 
view, with the MitraClip above the mitral valve, still in the left 
atrium. From the right side, the catheter through the interatrial sep¬ 
tum is seen, attached to the MitraClip. 

Video 42.8 TEE guidance of a MitraClip procedure. A left atrial 
view, with the MitraClip above the mitral valve, still in the left 
atrium. The clip has not been closed and the mitral valve is seen 
still with one orifice. 

Video 42.9 A left atrial view of the mitral valve, with MitraClip in 
situ.The clip has been closed and the mitral valve is seen with two 
orifices. 

Video 42.10 A right lateral view of the intra-atrial septum with a 
large atrial septal defect. It is a fossa ovalis-type defect with antero- 
superior extension, the direction of the aortic root. 

Video 42.11 View from the right lateral side of the heart, looking 
onto the right ventricular side of the interventricular septum. 

Video 42.12 A “tile” view of a 3D data set of a closure device in 
a VSD. Three perpendicular planes are represented and a 3D holo¬ 
gram at the bottom right. In the 3D view it is obvious that the device 
has closed a perimembranous VSD, directly underneath the tricus¬ 
pid valve, in the inner curvature of the right ventricle. In the two 
upper 2D cross-sections, the close relation of the device with the 
aortic valve can be appreciated. 

Video 42.13 A “tile” view of an atrioventricular septal defect 
(AVSD). The upper left tile shows an image comparable to that of an 
apical 4-chamber view. In the upper right tile, the red plane perpen¬ 
dicular to the green plane forms the neighboring 4-chamber view, 
a posterior to anterior orientation is shown at the same level, at the 
atrioventricular junction. The lower left tile shows a cross-section 
of the single atrioventricular orifice, where left and right atrioven¬ 
tricular valve leaflets can be seen. The lower right tile shows an 
unusual orientation of the 3D echo, from the apex rather than the 
more usual view toward the atrioventricular valve, through a part of 
the intact interventricular septum (IVS) into the right ventricular 
outflow tract (RVOT). 
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Videos 42.14 and 42.15 View from the apex toward the left-sided 
atrioventricular (AV) valve, from a transthoracic echo. Note that 
in an AVSD, the “cleft” is formed by the commissure between the 
anterior and posterior bridging leaflet. The direction is from the left 
toward the interventricular septum. 

Video 42.16 View from the apex toward the single orifice of a com¬ 
plete atrioventricular septal defect (AVSD). The orientation is such 
that the anterior bridging leaflet is on top, the inferior bridging 
leaflet is at the bottom, the left mural leaflet is on the right side of 
the screen, and the two right-sided mural leaflets can be seen on the 
left side of the screen. 

Video 42.17 En face view from the LV apex toward the left-sided 
atrioventricular valve. The commissure between the anterior and 
posterior bridging leaflet runs from lateral toward the interventric¬ 
ular septum (this is different from a cleft in a mitral valve, which 
runs toward the aortic valve). 

Video 42.18 Transgastric view of Ebsteins anomaly, with tricuspid 
valve tissue extending far into the right ventricle (RV). The remain¬ 
ing part of the RV is small. The caliber pulmonary artery looks 
normal. 

Video 42.19 En face view of the displaced tricuspid valve (TV). 
The septal leaflet is seen attached to the interventricular septum. 
The large and sail-like anterior superior leaflet can also be seen. 
The coaptation of the abnormal leaflets is not optimal, leaving an 
evident opening of the TV during systole, which leads to tricuspid 
regurgitation. 
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Introduction 

As the number of women with congenital heart disease (CHD) 
reaching childbearing age continues to grow, so does our under¬ 
standing of the physiologic changes that occur during pregnancy 
and the effects that this physiology has on maternal heart dis¬ 
ease. Profound hemodynamic changes occur during pregnancy, 
which are usually tolerated well by women with structurally nor¬ 
mal hearts; however, these changes may not be tolerated so well 
in women with underlying cardiac conditions. It is important to 
understand these hemodynamic changes in order to predict the 
response of certain cardiac conditions. Echocardiography char¬ 
acterizes the ventricular and valvar function, as well as the extent 
of the disease in women and can be performed safely throughout 
pregnancy. 

The 2014 American College of Cardiology/American Heart 
Association (ACC/AHA) Guidelines for Management of 
Patients with Valvular Heart Disease [1] includes a section on 
the management of valvar heart disease in pregnancy and the 
European Society of Cardiology has also published guidelines 
on the management of cardiovascular disease in pregnancy [2]. 

Echocardiography has an essential role in the evaluation and 
management of women with heart disease during pregnancy 

[3] . Chamber enlargement, valve annular dilation, and increased 
prevalence of trivial valve regurgitation are time-related events 
during normal pregnancy, resulting from a reversible cardiac 
remodeling process induced by physiologic volume overload. 
These aspects should be considered for correct interpretation 
of Doppler echocardiographic findings in pregnant women 

[4] . 

Many women experience symptoms of exercise intolerance, 
fatigue, and pedal edema during the later stages of pregnancy 
or develop a flow-related systolic murmur. However, occasion¬ 
ally previously unknown cardiac disease may be unmasked dur¬ 
ing pregnancy. Echocardiography should be considered in any 


pregnant women with a history of cardiac disease, concerning 
symptoms, arterial desaturation, or any new holosystolic or dias¬ 
tolic murmur [5]. 

The purpose of this chapter is to review the hemodynamic 
changes that occur with pregnancy and the echocardiographic 
changes that accompany this process with an emphasis on these 
changes in women with heart disease. 

Physiologic hemodynamic changes in 
pregnancy and delivery 

During pregnancy, dramatic changes in hemodynamics occur 
(Figure 43.1). On average, there is a 50% increase in the cir¬ 
culating blood volume that occurs during pregnancy [6]. There 
is up to a 50% increase in cardiac output in pregnancy, which 
peaks at the beginning of the third trimester [7]. This rise in car¬ 
diac output is due primarily to an augmentation in stroke vol¬ 
ume with some contribution from a rise in heart rate [8]. The 
heart rate generally increases 10-20 beats per minute from pre¬ 
pregnancy values. At the same time, there is a dramatic decrease 
in systemic vascular resistance, due largely to the effects of uter¬ 
ine circulation and endogenous hormones [6]. There is a widen¬ 
ing of the pulse pressure, with a disproportionate decrease in the 
diastolic blood pressure. Throughout pregnancy, the increase in 
venous tone increases preload, and decreases in aortic stiffness 
reduce afterload [9]. Body position can also influence the hemo¬ 
dynamics in pregnant women. In the supine position, women 
may experience decreased preload, stroke volume and cardiac 
output due to the compression of the inferior vena cava from the 
gravid uterus [10]. Therefore, women may be more comfortable 
in the left lateral decubitus position. 

During labor and delivery, there is a further abrupt increase 
in cardiac output related in part to the associated pain and anx¬ 
iety. Uterine contractions can lead to marked increases in both 
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Figure 43.1 (a-c) Values on the x axis are from pulsed-wave Doppler. Normal hemodynamic changes with pregnancy. Source: Adapted from Mabie WC et 
al. A longitudinal study of cardiac output in normal human pregnancy. Am J Obstet Gynecol 1994;170:849-856. (d,e) Values on they axis are represented 
as mean ± standard deviation. Source: Adapted from Stout K. Role of echocardiography in the diagnosis and management of heart disease in pregnancy. 
In: Otto C (ed.) The Practice of Clinical Echocardiography, 4th edn, 2012, Chapter 35, Figure 35-5, which was adapted from Easterling TR, et al. 
Maternal hemodynamics in normal and preeclamptic pregnancies: a longitudinal study. Obstet Gynecol 1990;76:1061-1069, Figures 1, 2, 3. (f) Source: 
Adapted from Silversides C. Physiological changes in pregnancy. In: Oakley C, Warnes CA (eds.) Heart Disease in Pregnancy, 2nd edn, BMJ Books, 2007, 
Chapter 2, Figure 2.1. ISBN: 978-1-4051-3488-0 


systolic and diastolic blood pressure and surges in cardiac out¬ 
put [11]. After delivery, there is an initial surge in preload related 
to the autotransfusion of uterine blood into the systemic circu¬ 
lation and to inferior vena cava decompression. Stroke volume 
and cardiac output increase as much as 10% and persist for at 
least 24 hours following delivery. Hemodynamics usually nor¬ 
malize by 12 weeks postpartum, but there is some evidence that 
hemodynamics in women with underlying heart disease do not 
return to the pre-pregnancy baseline [12]. 

Pregnancy is also associated with a hypercoagulable state 
due to relative increases in fibrinogen, plasminogen activator 
inhibitors, clotting factors VII, VIII, X, von Willebrand factor, 
and platelet adhesion molecules; as well as relative decreases in 
protein S activity [13,14]. 


Normal echocardiographic changes with 
pregnancy 

Echocardiography is an important imaging tool as it allows 
assessment of cardiac structure and function in women in var¬ 
ious stages of pregnancy. There are challenges to determining 
the normal echocardiographic changes during pregnancy, as 
much of the reported data was not obtained in a standardized 
fashion. Differences in the position of the patient (supine 
versus left lateral decubitus), timing of gestation, and technical 
variables contribute to the discrepancies found in the literature. 
For example, during late pregnancy, significant increases in left 
ventricular (LV) ejection fraction (11%), end-diastolic volume 
(21%), stroke volume (35%), and cardiac output (24%) were 



















































Chapter 43 Pregnancy and Heart Disease 817 


Table 43.1 Normal echocardiographic changes during pregnancy 



observed in the left lateral decubitus compared to the supine 
position [15]. There is a spectrum of cardiac responses to 
normal pregnancy, which adds to the difficulties in providing 
normal values for echocardiographic changes during pregnancy 
A summary of the echocardiographic changes expected during 
pregnancy is listed in Table 43.1. 

Throughout pregnancy, ventricular size and mass increase. 
On average, the LV end-diastolic dimension increases several 
mm [16]. The LV mass increases by 5-10% and is proportional 
to the increased workload of pregnancy. This results in eccen¬ 
tric hypertrophy, as the ratio of wall thickness to the ventricular 
radius does not change [17]. 

Left ventricular systolic function does not appear to signif¬ 
icantly change during pregnancy. There have been reports of 
a transient increase in LV ejection fraction (EF) during the 
early stages of pregnancy which then falls in the third trimester. 
However, one confounder is that the Teichholz formula, which 
assumes an ellipsoid LV shape, is utilized for calculation of EF 
and may not be appropriate for pregnant patients due to the 
geometric changes of the ventricle. Bamfo and colleagues evalu¬ 
ated LV long-axis function and used tissue Doppler imaging in 
order to avoid geometric assumptions and reported that long- 
axis shortening decreased significantly at the septal but not the 
lateral margin of the mitral valve annulus. This may reflect that 
the changes in ventricular geometry affect the septum more than 
the lateral wall of the LV [18]. 

The data on the effects of pregnancy on myocardial contrac¬ 
tility are conflicting. Geva et al. used a load-adjusted measure 
of contractility and reported a transient decrease in myocar¬ 
dial contractility due to a decrease in the end-systolic stress not 
matched by an increased rate in corrected velocity circumfer¬ 
ential shortening [19]. Bamfo reported a progressive increase in 
the Tei index throughout pregnancy and the postpartum period, 
and postulated an intrinsic abnormality in contractility associ¬ 
ated with pregnancy [18]. In contrast, others have reported no 
significant changes or increase in myocardial contractility dur¬ 
ing pregnancy [20,21]. 


Left ventricular diastolic function appears preserved despite 
increases in preload and left ventricular hypertrophy. Transmi- 
tral velocities are flow dependent and reflect the increase preload 
in pregnancy with peak mitral inflow velocity increases in early 
diastole (E) and atrial systole (A). As pregnancy progresses, there 
is an increased amount of atrial contraction contributing to LV 
filling resulting in higher A-wave velocities. The proportional 
change in A is greater than the change in E resulting in a dimin¬ 
ished E/A ratio throughout pregnancy. 

Using tissue Doppler as a load-independent assessment, 
investigators have shown that LV relaxation is preserved during 
pregnancy. The ratio of e' to E remains within normal limits 
throughout pregnancy and reflects normal LV filling pressures 
[9]. The ratio of e'/a' decreases throughout pregnancy, reflect¬ 
ing the enhanced atrial contraction. More recently, Savu and 
colleagues performed tissue Doppler strain and strain rate and 
3D speckle tracking on 51 pregnant women and reported a 
significant, reversible decrease in global and segmental longitu¬ 
dinal deformation in both the LV and RV late in pregnancy. The 
decrease in longitudinal deformation was seen at all three levels 
in the LV (basal, mid, and apical) and most notably at the infe¬ 
rior, inferoseptal, and anteroseptal walls. In the RV, the decrease 
in longitudinal deformation was most notable at the apical 
level. These investigators also documented an increase in the 
cardiac globularity as defined by a decreased sphericity index 
[15]. 

The left atrium increases up to 10% in size during pregnancy 

[22] . Using 3D echocardiography, Yosefy et al. documented 
significant increases in the LA systolic volume, LA diastolic 
volume, and LA stroke volumes (all indexed to body surface 
area). These investigators confirmed the reduction in E/A ratio 
as pregnancy progresses with a decrease in the diastolic E wave, 
forcing the left atrium to increase the atrial kick (A wave) 

[23] . 

Pulmonary artery pressure remains normal during pregnancy 
due to the vascular recruitment in the highly capacitant pul¬ 
monary circulation resulting in decreased pulmonary vascu¬ 
lar resistance [24]. There is a slight increase in valvar annu¬ 
lar diameters during pregnancy and an increase in regurgitant 
flow velocities from the tricuspid, mitral, and pulmonary valves. 
The prevalence of right-sided heart valve velocities increase dur¬ 
ing pregnancy, but rarely exceed 2 m/sec. Physiologic valvar 
regurgitation is common in pregnancy, mainly involving right¬ 
sided valves in late gestational periods, occasionally persisting in 
the early puerperium [4]. Despite the increase in valvar regur¬ 
gitation, women rarely are symptomatic from these changes 
[25]. Aortic root and left ventricular outflow tract dimensions 
increase by 1-2 cm during pregnancy and do not always return 
to pre-pregnancy baseline values [26]. 

Twenty-five to forty percent of women have small pericardial 
effusions during pregnancy. There is some evidence that women 
with greater weight gain during pregnancy have a higher inci¬ 
dence of effusions [27]. 





818 Part VIII Special Techniques and Topics 


Echocardiographic changes in women with 
heart disease during pregnancy 

In 1958, Lund reported the hemodynamic changes during 
pregnancy, labor, and the postpartum period in 25 women 
with congenital heart disease who delivered at the University 
of Minnesota [28]. Many of the observations that were made at 
that time still hold true today. The normal physiologic changes 
of pregnancy may exacerbate the underlying hemodynamics of 
women with heart disease, resulting in clinical symptoms and 
sometimes decompensation during pregnancy. 

In contrast to the echocardiographic changes to pregnancy 
in women with structurally normal hearts, the hemodynamic 
adaptations to pregnancy in women with structural heart dis¬ 
ease are less well studied. In a study of 29 women with struc¬ 
tural heart disease utilizing echocardiography preconception, 
during pregnancy and postpartum, Cornette et al. confirmed 
increases in stroke volume and cardiac output. The magnitude of 
the increase, however, was lower than that described in normal 
populations and more comparable to patterns observed in preg¬ 
nancies complicated by growth restriction. There was a signifi¬ 
cant increase in the E/e' ratio and decrease in the EF after preg¬ 
nancy compared to pre-pregnancy values, suggesting a negative 
influence of pregnancy on systolic function in women with car¬ 
diac disease [29]. These data are in contrast to Uebing et al. who 
did not find any deleterious effect of pregnancy on 53 women 
with heart disease who had undergone pregnancy. However, 
they did describe a persistent increase in subpulmonary ven¬ 
tricular size in patients with repaired tetralogy of Fallot (TOF) 
who had undergone pregnancy [30]. The potential for acceler¬ 
ated right ventricular (RV) remodeling was confirmed in a study 
with cardiac magnetic resonance imaging (MRI) in women with 
repaired TOF who had undergone pregnancy [31]. 

Risk stratification for women with 
congenital heart disease 

There is an increase in morbidity and mortality in women with 
heart disease who undergo pregnancy and deaths attributable to 
maternal cardiac conditions have increased in the past decade 
[32,33]. The Cardiac Disease in Pregnancy (CARPREG) mul¬ 
ticenter study addressing risk stratification included 13 Cana¬ 
dian centers and examined the outcomes of 599 pregnancies 
in women with heart disease, 74% with some form of CHD 
[34]. There was a 13% incidence of maternal cardiac complica¬ 
tions and these investigators identified four predictors of adverse 
maternal cardiac outcomes, including prior cardiac event or 
arrhythmia; advanced New York Heart Association class or 
cyanosis defined as a resting oxygen saturation <90%; left heart 
obstruction, defined as a peak left ventricular outflow tract gra¬ 
dient of 30 mmHg or greater; and systemic ventricular dysfunc¬ 
tion, defined as an ejection fraction <40% [34]. The presence 
of one predictor was associated with >25% change of a cardiac 


event and if a woman had more than one of these predictors, 
the chance of a cardiac event was above 70%. The majority of 
the cardiac outcomes were symptomatic heart failure or arrhyth¬ 
mias, but 1% of the pregnancies were complicated by maternal 
embolic stroke or cardiac death. In a single-center retrospective 
study of 90 pregnancies in 53 women with CHD, maternal car¬ 
diac complications occurred in 20%, including 17% heart fail¬ 
ure and 3% arrhythmias [35]. This study validated the estab¬ 
lished CARPREG risk score, as well as identified several new risk 
factors including subpulmonary ventricular dysfunction, severe 
pulmonary regurgitation, and maternal smoking [35]. 

In a large literature review of 48 publications of outcomes 
in woman with CHD, totaling almost 2500 pregnancies, the 
ZAHARA investigators reported an ~5% risk of maternal car¬ 
diac complications. The risk was substantially increased in those 
women with more severe forms of congenital heart disease (e.g., 
~1% risk of arrhythmias for women with atrial septal defects 
vs. ~15% risk for women with transposition or Fontan physi¬ 
ology) [36]. More recently, the European Society of Cardiology 
reported the results of pregnancies in 1321 women with heart 
disease (66% of whom had CHD) from 28 countries over a 4- 
year period. Fifteen percent of the women were hospitalized dur¬ 
ing their pregnancy, most commonly for management of heart 
failure symptoms. The investigators concluded that the major¬ 
ity of women with heart disease could delivery safely if they had 
undergone an adequate pre-pregnancy evaluation and received 
high-quality specialized care during pregnancy and the post¬ 
partum period [37]. Balint and colleagues have reported that 
women with CHD who suffer a cardiac event during pregnancy 
have a greater risk of long-term cardiac events [38]. Table 43.2 
summarizes the established risk factors for adverse maternal car¬ 
diac outcomes in women with heart disease. 

Maternal cardiac complications, however, are not the only 
adverse outcomes to consider when counseling women with 
heart disease regarding pregnancy risks. Neonatal and obstet¬ 
ric adverse outcomes must also be taken into account. Siu et al. 
reported a much higher rate of neonatal complications in 302 
pregnancies in women with heart disease compared to 575 preg¬ 
nancies in women without heart disease (neonatal complications 
18% vs. 7%, p < 0.001). The neonatal complications included 
premature birth, small for gestational age, respiratory distress, 
and fetal or neonatal death [39]. Congenital heart disease was 
identified in 8% of the offspring of the 183 live births of moth¬ 
ers with CHD but not with a recognized genetic syndrome [39]. 
Khairy et al. reported 28% adverse neonatal outcomes in 90 
pregnancies in 53 women with congenital heart disease. These 
outcomes included preterm delivery (21%), small for gestational 
age (SGA) (8%), respiratory distress syndrome (8%), intraven¬ 
tricular hemorrhage (1%), intrauterine fetal demise (3%), and 
neonatal death (1%) [35]. The ZAHARA literature review of 
1302 women with CHD who had undergone pregnancy docu¬ 
mented that women with more complex forms of CHD had a 
greater risk of premature labor and delivery and up to a four 
times increased risk of offspring mortality [36]. 
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Table 43.2 Established risk factors for adverse maternal cardiac outcomes 


Risk factor 

Specific criteria 

Events prior to pregnancy 

Heart failure [1,2] 

TIA or CVA [1 ] 

Arrhythmia [1] 

Tobacco use [2] 

Cardiac medication use prior to 


pregnancy [3] 

Decreased functional class 

NYHA >11 [1,3] 

NYHA >11 [2] 

Cyanosis (defined as resting oxygen 


saturation <90%) [1] 

Ejection fraction 

Systemic ventricular EF >40% [1] 

Decreased subpulmonary ventricular EF [2] 

Left heart obstruction 

LVOT peak gradient >30 mmHg [1] 

LVOT peak gradient >50 mmHg 

MVA <2.0 cm 2 [1] 

AVA <1.5 cm 2 [1] 

AVA <1.0 cm 2 [3] 

Other valvar lesions 

Severe pulmonary regurgitation [2] 

Mitral regurgitation [3] 

Tricuspid regurgitation [3] 

Mechanical valve prosthesis [3] 

Other conditions 

Cyanotic heart lesions (repaired or 
unrepaired) [3] 

Pulmonary hypertension [4] 

Marfan syndrome [5] 

[1 ] Siu SC, Sermer M, Colman JM, et al. Prospective multicenter study of 
pregnancy outcomes in women with heart disease. Circulation 

2001;104:515-521. 


[2] Khairy P, Ouyang DW, Fernandes SM, et al. Pregnancy outcomes in 
women with congenital heart disease. Circulation 2006;113:517-524. 

[3] Drenthen W, Boersma E, Balci A, et al. Predictors of pregnancy 
complications in women with congenital heart disease. Eur Heart J 

2010;31:2124-2132. 


[4] Bassily-Marcus AM, Yuan C, Oropello J, et al. Pulmonary hypertension in 
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Obstetric complications appear to be higher in women with 
heart disease. In one report of 113 pregnancies in 65 women 
with CHD, adverse obstetric outcomes occurred in 32%. These 
events included preterm delivery, postpartum hemorrhage, 
and preterm premature rupture of membranes. Importantly, 
women who avoided the Valsalva maneuver during delivery had 
increased rates of postpartum hemorrhage, and third/fourth- 
degree vaginal lacerations [40]. 

In the past several years, there has been an emphasis on try¬ 
ing to define objective factors to identify the risk of maternal 


cardiac complications during pregnancy. For example, B-type 
natriuretic peptide (BNP) increases in response to increased vol¬ 
ume loading with pregnancy; however, several investigators have 
shown an exaggerated BNP response in women with heart dis¬ 
ease who suffer cardiac events. Tanous et al. reported that a BNP 
value of < 100 pg/mL during pregnancy had a negative predictive 
value of 100% for identifying cardiac events in women with CHD 
during pregnancy [41]. In women with repaired TOF, Kamiya 
reported that the peak BNP after the second trimester was most 
useful in predicting adverse maternal cardiac events [42]. 

An inappropriate heart-rate response to exercise has also 
been associated with adverse maternal cardiac outcomes. This 
is particularly important in the group of women with repaired 
CHD, who may have sinus node dysfunction or atrioventricular 
block. The Alliance for Adult Research in Congenital Cardiol¬ 
ogy reported results from objective exercise testing in 83 women 
with CHD and determined that an abnormal chronotropic 
response correlates with adverse pregnancy outcomes [43]. 

Specific congenital heart lesions 

Due to the tremendous advances in the evaluation and manage¬ 
ment of CHD over the past several decades, the etiology of the 
majority of maternal heart disease in Western societies is con¬ 
genital in origin. 

Left-to-right shunts 

In general, women with small left-to right shunts, normal exer¬ 
cise tolerance and oxygen saturation, and no history of arrhyth¬ 
mias tolerate pregnancy well. Women with atrial septal defects 
(ASDs) will have further volume loading of the right heart, 
and may develop increased volume retention and palpitations 
in pregnancy. Meticulous attention to intravenous line care is 
essential, as these women are at risk for paradoxical embolism 
and stroke. Women with small ventricular septal defects (VSDs) 
tolerate pregnancy well. Echocardiography, however, should be 
performed to confirm the high transseptal gradient across the 
defect, as any evidence of Eisenmenger syndrome would dra¬ 
matically change the risk to the mother. Similarly, women with 
small patent ductus arteriosus remain asymptomatic in preg¬ 
nancy, unless the flow is large enough to produce left ventricular 
dilation. There is some evidence that women with both repaired 
and unrepaired septal defects are at risk for adverse obstetric 
outcomes, including pre-eclampsia, premature labor, and SGA 
neonates [44,45]. 

Right ventricular outflow tract obstruction 

The most common type of right ventricular outflow obstruction 
in women of childbearing age is pulmonary valve stenosis (PS). 
The majority of women with mild forms or PS tolerate preg¬ 
nancy well, as mild forms of PS usually do not progress in adult¬ 
hood [46]. Women may present with greater degrees of right 
ventricular outflow tract obstruction and have right ventricu¬ 
lar hypertrophy (Figure 43.2). Women with severe right ven¬ 
tricular outflow tract obstruction who become pregnant must 
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Figure 43.2 (a) Apical 4-chamber view of severe right ventricular 
hypertrophy in a woman with Alagille syndrome and hypoplastic branch 
pulmonary arteries who presents with an unplanned pregnancy at 24 
weeks’ gestation. LA, left atrium; LV, left ventricle; RA, right atrium; RV, 
right ventricle, (b) Contrast injection in the proximal left pulmonary artery 
(arrow) confirming branch pulmonary artery stenosis. The patient 
underwent balloon angioplasty of this stenosis with immediate 
improvement in her pulmonary pressures. Source: Daniels CJ, Zaidi AN 
(eds.) Color Atlas and Synopsis of Adult Congenital Heart Disease, 
McGraw-Hill, 2015, Chapter 11, Figure 11-7. Reproduced with permission 
of McGraw-Hill Education. 


be monitored closely for signs of right ventricular dysfunction. 
The incidence of maternal hypertensive disorders, particularly 
pre-eclampsia, may be increased in women with PS [47]. 

Ebstein anomaly 

Many women with Ebstein anomaly have successfully carried 
full-term pregnancies. In a literature review of 127 pregnan¬ 
cies in women with Ebstein anomaly, 4% were complicated by 
arrhythmias and heart failure was reported in 3% [36]. Increased 
risk of complications are related to greater degrees of tricuspid 
regurgitation and worse right ventricular function [48]. Women 
with Ebstein anomaly and interatrial shunts are at increased risk 
for complications if they have arterial desaturation. They are also 
at risk for stroke from a paradoxical embolus. This condition is 
associated with an increased risk of prematurity, fetal loss, and 
CHD in the offspring [49]. 

Bicuspid aortic valve 

A detailed echocardiographic examination should be performed 
in any woman with bicuspid aortic valve (BAV) consider¬ 
ing pregnancy. Ascending aortic dilation or aneurysm may be 
present even in the presence of a normally functioning BAV. Due 
to the association with aortopathies in patients with BAV, the 
entire thoracic aorta should be investigated, with cardiac MRI 
if echocardiographic windows are limited. Cardiac MRI can 
accurately determine aortic dimensions and ventricular size and 
function, and it is considered safe in pregnancy, particularly after 
the first trimester is completed. Gadolinium contrast does cross 
the placenta and is not usually administered during pregnancy 
[50]. Aortic dissection may occur in pregnant women with BAV, 
but it is much less frequent than in those women with Marfan 
syndrome [51]. The 2008 ACC/AHA Guidelines for the Man¬ 
agement of Adults with Congenital Heart Disease recommend 
that women with BAV and an ascending aortic diameter >4.5 cm 
should be specifically counseled regarding the increased risk in 
pregnancy [52]. 

Physiologically corrected transposition of the great 
arteries 

Physiologically corrected transposition of the great arteries - 
also referred to as congenitally corrected TGA, L-loop TGA, 
or {S,L,L} TGA - is a congenital abnormality that may not 
be diagnosed until later in life. These patients have atrioven¬ 
tricular discordance and ventricular arterial discordance result¬ 
ing in a systemic RV, which may become dysfunctional over 
time. Other associated cardiac anomalies include a VSD, PS, 
Ebstein anomaly, or dysplastic tricuspid valves. Maternal risk is 
often determined by the functional status, systemic ventricular 
function, presence of associated lesions, and arrhythmias. The 
Royal Brompton Hospital reported over four decades of expe¬ 
rience with women with physiologically corrected TGA, which 
included 45 pregnancies and 27 live births. Cardiovascular com¬ 
plications occurred in 26% of these women including heart fail¬ 
ure, worsening cyanosis, and cerebral vascular accident [53]. 
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The Mayo Clinic experience over 17 years included 60 preg¬ 
nancies with 83% live births, and a lower prevalence of mater¬ 
nal cardiac complications; one woman with significant tricuspid 
valve regurgitation developed heart failure symptoms; and mul¬ 
tiple pregnancy-related complications (including toxemia, con¬ 
gestive heart failure, endocarditis, and myocardial infarction) 
were experienced by one woman who had a total of 12 pregnan¬ 
cies [54]. 

Cyanotic lesions 

Any degree of cyanosis places both the mother and the fetus at 
significant risk. Maternal cyanosis is exacerbated during preg¬ 
nancy, the fall in systemic vascular resistance increases right - 
to-left shunting. Additionally, hypoxia induces an erythrocytotic 
response, which will further increase the potential for thrombo¬ 
sis, and in the setting of an intracardiac shunt, risk for paradox¬ 
ical embolism and stroke. In a study of 44 cyanotic women who 
underwent 96 pregnancies, only 12% of pregnancies resulted 
in live births when the maternal oxygen saturation was <85%. 
Maternal cardiac complications occurred in 32% and included 
heart failure, endocarditis, and thrombotic complications [55]. 

Pulmonary vascular disease 

Regardless of the cause of elevated pulmonary artery pressures 
(pulmonary arterial hypertension, pulmonary emboli, elevated 
left-sided filling pressure, or CHD with systemic-to-pulmonary 
shunting), the mortality for these women is extremely high 
(up to 50% in some cases) [56,57]. Death often occurs in the 
early postpartum period, as abrupt decreases in preload and 
afterload, as well as vagal responses can be life threatening. 
Women with pulmonary vascular disease should be counseled 
to strongly adhere to contraceptive methods (non-estrogen- 
containing choices). If a woman with pulmonary vascular dis¬ 
ease becomes pregnant and chooses not to terminate the preg¬ 
nancy, she must be followed closely with particular attention 
to the delivery management. Spinal analgesia must be used 
with caution due to the potential for peripheral vasodilation. 
The mode of delivery should be determined in coordination 
with a multidisciplinary team of maternal fetal medicine spe¬ 
cialists, cardiac anesthesiologists, and clinicians with expertise 
in pulmonary vascular management. Therapeutic options are 
limited, although nitric oxide, prostacyclin analogs, and phos¬ 
phodiesterase inhibitors have been reported in selected cases 
[58]. 

Specific repaired congenital heart lesions 

Tetralogy of Fallot 

Women with repaired TOF represent one of the largest groups 
of women with repaired CHD who undergo pregnancy. With 
successful childhood definitive repair, cyanosis is relieved and 
women are often asymptomatic. However, residual hemody¬ 
namic lesions are common and may include pulmonary and tri¬ 
cuspid regurgitation, RV dilation, and possible RV dysfunction. 
Depending on the size and function of the RV, the additional 


volume load encountered with pregnancy may not be well tol¬ 
erated [35,59,60]. Furthermore, the hemodynamic load of preg¬ 
nancy may have long-term effects on subpulmonary ventricular 
size and function in women with repaired TOF [30,31]. There¬ 
fore, women with repaired TOF who have severe pulmonary 
regurgitation and RV dilation presenting for preconception eval¬ 
uation should be counseled to consider undergoing pulmonary 
valve replacement prior to pregnancy [61]. 

Coarctation of the aorta 

Similar to women with BAV, women with coarctation of the 
aorta should have the entire thoracic aorta imaged to evaluate 
for evidence of dilation, aneurysm, or dissection. A significant 
coarctation may cause decreased blood flow to the fetus result¬ 
ing in a SGA newborn. Systemic hypertension in these women 
should be managed with antihypertensive therapies. Data from 
the National Inpatient Sample over a 9-year period in 697 
women with coarctation of the aorta reported that women with 
coarctation are more likely to have hypertensive complications 
of pregnancy, delivery by cesarean section, have adverse cardiac 
outcomes, longer hospitalizations, and to incur higher hospital 
charges compared to women without coarctation [62]. Smaller 
descending thoracic aortic diameters (<12 mm), as measured 
by cardiac magnetic resonance angiogram, are associated with 
maternal cardiovascular events in women with coarctation of the 
aorta [63]. 

Transposition of the great arteries {S,D,D}TGA 

Many women with transposition of the great arteries who are 
currently of childbearing age have undergone surgical correc¬ 
tion with an atrial switch (Senning or Mustard procedure) in 
infancy. The atrial switch procedure directs deoxygenated blood 
to the LV to be pumped to the lungs and oxygenated blood 
to the RV to be pumped to the body. The RV in patients who 
have undergone the atrial switch procedure is the systemic ven¬ 
tricle and it becomes hypertrophied, dilated, and often dys¬ 
functional. This may cause specific problems during pregnancy 
(Figure 43.3; Videos 43.1 and 43.2). The rigid atrial baffles are 
unable to increase stroke volume appropriately and many of 
these women have impaired ventricular filling [64]. They may 
also suffer from sinus node dysfunction, which impairs their 
ability to increase their heart rates. Therefore, they may be at 
increased risk for adverse maternal cardiac complications with 
the hemodynamic load of pregnancy. One report of 28 pregnan¬ 
cies in 16 women who had undergone Mustard procedure for 
TGA found that in 18 pregnancies, RV dimensions increased sig¬ 
nificantly in five patients, and this dilation persisted in all five at 
a mean of 2 years following pregnancy. Examining RV systolic 
function, 4 of 21 pregnancies had a significant decrease in the 
RV EF, and of those 4 patients, 3 had continued RV dysfunc¬ 
tion when followed an average of 32 months following delivery. 
Lastly, there was an increase in tricuspid regurgitation in 8 of 20 
pregnancies, and 3 of those 8 women had persistently increased 
regurgitation in follow-up [65]. 
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Figure 43.3 (a) Apical 4-chamber view in a woman with transposition of 
the great arteries and an atrial switch procedure demonstrating a dilated, 
hypertrophied systemic right ventricle who presented with heart failure in 
the postpartum period. LV, left ventricle; PVB, pulmonary venous baffle; 
RV, right ventricle, (b) Color Doppler revealing severe tricuspid valve 
regurgitation (arrow). LV, left ventricle; RV, right ventricle. 

Successful pregnancies have also been reported in women 
who have undergone a Rastelli operation. However, any subaor¬ 
tic obstruction may worsen in pregnancy, and should be 
addressed prior to pregnancy [66]. 

Over the past three decades, the arterial switch procedure has 
become the surgical method of choice for transposition of the 
great arteries. A retrospective chart review from two tertiary 
care centers reported the pregnancy outcomes in 17 pregnan¬ 
cies from 9 women with arterial switch procedure. Two women 
developed cardiac complications during pregnancy; one woman 
with impaired left ventricular systolic function had nonsus- 
tained ventricular tachycardia; and one woman with a mechan¬ 
ical systemic atrioventricular valve developed postpartum valve 
thrombosis [67]. 


Fontan physiology 

As the numbers of women with single ventricle physiology are 
reaching childbearing age, an increased number of women with 
Fontan palliation desire pregnancy. Although a select group 
of women with Fontan palliation may have a successful preg¬ 
nancy and delivery, preconception counseling is critical, as these 
pregnancies are often high risk. Functional class, ventricular 
function, arrhythmia burden, and arterial oxygen saturation are 
important determinants of risk in women with Fontan phys¬ 
iology. The risk of thromboembolic complications in women 
with Fontan physiology during pregnancy is not known; how¬ 
ever, the risks and benefits of anticoagulation should be consid¬ 
ered on an individual basis. A multicenter report of 33 pregnan¬ 
cies in women with Fontan palliation resulting in 15 live births 
reported a low rate of maternal cardiac complications includ¬ 
ing heart failure and atrial flutter [68]. More recently, the CON- 
COR investigators reported 4 live births in 10 pregnancies of 
women with Fontan palliation of which maternal cardiac and 
obstetric complications were common [69]. Women with any 
degree of cyanosis, ventricular dysfunction, moderate or more 
atrioventricular valve regurgitation or those with protein-losing 
enteropathy should be counseled to avoid pregnancy [2]. 

Valvar heart disease 

In general, stenotic lesions are less well tolerated in pregnancy 
than regurgitant lesions. Symptomatic patients with mitral and 
aortic stenosis tend to worsen during pregnancy, as the lower 
systemic vascular resistance will increase the transvalvular gra¬ 
dient [70]. 

Mitral stenosis 

The most common cause of mitral stenosis in women of 
childbearing age remains rheumatic heart disease (Figure 43.4; 
Videos 43.3 and 43.4). The increased cardiac output and heart 
rate decreases the diastolic filling time and produces symptoms 
in previously asymptomatic women with mitral stenosis. Left 
atrial pressure may elevate due to decreased left atrial stroke vol¬ 
ume, and atrial fibrillation may precipitate pulmonary edema. 
Management strategies include controlling the heart rate with 
beta-blockade which prolongs the diastolic filling time and usu¬ 
ally improves symptoms [71]. Diuretics are used to control pul¬ 
monary edema; however, this should be done in consultation 
with the obstetric team, as high-dose diuretics may decrease the 
volume of amniotic fluid. Anticoagulants should be started if 
the patient has atrial fibrillation. In cases where medical man¬ 
agement is ineffective in controlling symptoms, balloon valvulo¬ 
plasty may be considered [72]. The timing of invasive evaluation 
must be carefully considered, and the obstetric team should be 
available in the event that premature labor develops during the 
procedure. Radiation exposure to the fetus may be minimized 
by lead screening of the mother s abdomen and pelvis and uti¬ 
lizing transesophageal echocardiography during the procedure 
to guide the valvar intervention [73]. 
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Figure 43.4 (a) Parasternal long-axis view 
demonstrating a thickened mitral valve 
(arrowheads) in a woman with rheumatic 
heart disease who presented at 21 weeks’ 
gestation. Ao, aorta; LA, left atrium; LV, left 
ventricle; RV, right ventricle, (b) 

Continuous-wave Doppler demonstrating 
mitral stenosis with a mean gradient of 
11 mmHg and a peak gradient of 19 mmHg. 



Aortic stenosis 

Many women with aortic stenosis who were asymptomatic prior 
to pregnancy become symptomatic during pregnancy due to the 
increased stroke volume and decreased ventricular compliance. 
The worse the left ventricular obstruction, the greater the 
chance of maternal cardiac complications, most commonly 
heart failure [74]. Echocardiographic changes that occur during 
pregnancy include an increase in the transvalvular velocity and 
pressure gradient (Figure 43.5). The aortic valve area does not 
significantly change. Silversides reported the outcomes of 49 
pregnancies in 39 women with aortic stenosis, of which over half 
of the women had severe aortic stenosis. There were no maternal 
deaths. Serial echocardiograms were performed in nine women, 
and although the peak transvalvular gradients increased during 


pregnancy, the changes did not meet statistical significance 
(59 ± 13 vs. 68 ± 20; p = 0.14) [75]. Management of women 
with symptomatic aortic stenosis in pregnancy includes beta- 
blockade for control of heart rate and diuresis for volume 
control. Women with greater degrees of aortic stenosis are more 
likely to become symptomatic during pregnancy due to the 
decrease in the systemic vascular resistance that will increase the 
valvar gradient. In formulating the delivery plan, analgesia such 
as spinal blocks should be avoided due to the risk of hypotension. 
Additionally, women with aortic stenosis may experience clin¬ 
ical decompensation immediately following delivery, as abrupt 
decreases in preload and afterload may precipitate cardiovas¬ 
cular collapse. Invasive strategies should be reserved for severe 
clinical decompensation unresponsive to medical management. 
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Mitral regurgitation 

Moderate or less mitral regurgitation is usually well tolerated 
in pregnancy due to the afterload-reduced state that pregnancy 
imposes. Women with chronic, severe mitral regurgitation 
should be monitored closely for development of atrial fib¬ 
rillation or pulmonary hypertension, which is not tolerated 
well. 

Aortic regurgitation 

Similar to mitral regurgitation, women with aortic regurgitation 
often tolerate pregnancy well due to the low systemic vascular 


Figure 43.5 (a) Three-chamber view of a 
pregnant woman with a bicuspid aortic valve 
with thickening of the aortic valve leaflets 
(arrow). Color Doppler demonstrates aortic 
stenosis and regurgitation. LA, left atrium; LV, 
left ventricle, (b) Continuous-wave Doppler 
demonstrates aortic stenosis with a peak 
gradient across the aortic valve of 50 mmHg, 
which is a known risk factor for a maternal 
event during pregnancy. She developed mild 
heart failure at the time of delivery. 

resistance. However, caution is warranted particularly if the left 
ventricle is dilated or dysfunctional. 

Prosthetic heart valves 

Women with prosthetic heart valves should be followed 
closely throughout pregnancy and the postpartum period. 
The transvalvular velocities increase throughout pregnancy 
(Figure 43.6; Videos 43.5 and 43.6), with little change in valve 
function or area. There is some data that suggests that biopros- 
thetic valves have a faster rate of degeneration in women who 
have undergone pregnancy [76]. Mechanisms postulated for 
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Figure 43.6 (a) Parasternal short-axis view of 
a woman with repaired tetralogy of Fallot and 
a bioprosthetic pulmonary valve (PV) with 
valvar degeneration during pregnancy The 
color Doppler demonstrates turbulent flow 
across the pulmonary valve (arrow). (b,c) 
Continuous-wave Doppler demonstrating 
increasing gradients across the pulmonary 
valve and increasing right ventricular (RV) 
pressures as the pregnancy progresses, (b) 
Peak velocity 3.2 m/sec. (c) Peak velocity 
4.6 m/sec. 



rapid bioprosthetic valve degeneration include high calcium 
turnover and accelerated flow across the valve [77]. However, 
other reports have not confirmed a higher incidence of bio¬ 
prosthetic valve degeneration in women who have undergone 
pregnancy [78]. 

Women with mechanical heart valves have several choices 
for anticoagulation during pregnancy, but no option is without 
significant risks to the mother and fetus. The risk of throm¬ 
boembolic events and valve thrombosis depends on the type 
and location (mitral > aortic) of the mechanical valve, as well 
as other factors including history of a prior thrombotic event, 


atrial fibrillation, or multiple prosthetic valves [79]. The 2014 
American Heart Association/American College of Cardiology 
Valvular Heart Disease Guidelines recommend frequent mon¬ 
itoring of anticoagulation in pregnant women with mechanical 
prostheses. Warfarin is recommended in pregnant patients with 
a mechanical prosthesis to achieve a therapeutic INR in the sec¬ 
ond and third trimesters, with discontinuation of warfarin and 
initiation of intravenous unfractionated heparin (UFH) prior to 
a planned delivery (Class I recommendation). Low-dose aspirin 
(75-100 mg) once daily is also recommended for pregnant 
patients with either a mechanical prosthesis or bioprosthesis in 
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Figure 43.6 ( Continued) 


the second and third trimesters (Class I recommendation). Class 
Ha recommendations include continuation of warfarin during 
the first trimester for pregnant women with a mechanical valve, 
after a discussion with the patient about risks and benefits, if the 
dose of warfarin to achieve a therapeutic INR is 5 mg per day or 
less. Dose-adjusted low molecular weight heparin at least twice 
daily (with a target anti-Xa level of 0.8-1.2 U/mL, 4-6 hours 
post-dose) or dose-adjusted continuous intravenous UFH (with 
an aPTT at least two times control) during the first trimester is 
reasonable for pregnant patients with a mechanical prosthesis 
if a warfarin dose of >5 mg per day is required to achieve a 
therapeutic INR [1]. 

Specific cardiac conditions 

Marfan syndrome and other connective tissue 
disorders 

Women with connective tissue disorders should be followed 
closely during pregnancy with frequent imaging of the aorta. 
Pregnancy increases the risk of aortic dissection (Figures 43.7 
and 43.8; Videos 43.7 and 43.8) through several mechanisms, 
including protease-mediated destruction of the extracellular 
matrix, altered signaling pathways, relaxin effects of decreas¬ 
ing collagen synthesis, and estrogen interference with collagen 
deposition [80]. The current guidelines for thoracic aortic dis¬ 
ease recommend that any woman with aortic pathology from a 
connective tissue disorder should be counseled about the risk of 
aortic dissection as well as the heritable nature of the underlying 
condition. Strict blood pressure control should be maintained. 
From an imaging perspective, frequent echocardiograms (often 
monthly) should be performed for ascending aortic dimen¬ 
sions. For greater definition of aortic arch and descending aorta, 
MRI (without gadolinium) is recommended over computed 


tomography due to the exposure to ionizing radiation in the lat¬ 
ter. Women with aortic aneurysms should be delivered where 
cardiothoracic surgery is available. Women with Marfan syn¬ 
drome who are contemplating pregnancy should be counseled 
to consider replacement of the aortic root and ascending aorta 
if the diameter exceeds 4.0 cm prior to pregnancy [81]. 

Pregnancy increases the risk of aortic complications in the 
long term in these patients [82]. Donnelly et al. identified 98 
women with Marfan syndrome at a single center, of which 
69 (72%) experienced a total of 199 pregnancies resulting in 
170 (86%) live births. The median number of pregnancies per 
women was three. Obstetric complications occurred in 17 (10%) 
and adverse fetal outcomes in 22 (13%). No woman experi¬ 
enced aortic dissection or required cardiac surgery during preg¬ 
nancy. Aortic growth rate increased during pregnancy and did 
not return to baseline following pregnancy completion. Despite 
the lack of catastrophic peripartum complications, the preva¬ 
lence of both aortic dissection and elective aortic surgery dur¬ 
ing long-term follow-up was higher in those women who had a 
prior pregnancy [82]. 

Infectious endocarditis 

Infectious endocarditis (IE) is very rare in pregnancy, with an 
incidence reported to be 1.7-5.5 per 100,000. However, the 
maternal mortality rate is high, with reported rates between 22 
and 33%, with the most deaths related to heart failure or an 
embolic event. The rate of fetal mortality ranges between 15 and 
33% [83,84]. 

Echocardiography is particularly useful in the diagnosis of IE 
in pregnancy (Figure 43.9; Videos 43.9-43.12), identifying val¬ 
var lesions causing valve regurgitation and heart failure. In a lit¬ 
erature review of 68 cases of IE in pregnancy, the valve-specific 
maternal mortality was 42% for aortic valves, 22% for mitral 
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Figure 43.7 (a) A postpartum 2D echocardiogram of a woman with 
Marfan syndrome and a dilated aortic root presenting with a type A aortic 
dissection. The parasternal long-axis view demonstrates the dissection flap 
(arrow) in the aortic root, (b) Color Doppler demonstrates severe aortic 
regurgitation. Ao, aorta; LA, left atrium; LV, left ventricle. 

valve, and 10% for tricuspid valves [84]. In this review, under¬ 
lying heart disease was noted in 31% of cases. Intravenous drug 
use and recent dental work were reported in 4% and 7% of cases, 
respectively [84]. 

Kawasaki disease 

There are no guidelines for the management of women with 
Kawasaki disease and coronary artery aneurysms during preg¬ 
nancy. Yet, increasingly women with this condition are reaching 
childbearing age. From the limited literature available on this 
topic, the outcomes of pregnancy in this group are favorable, 
regardless of anticoagulation strategy [85]. Delivery strategies 
generally should be based on obstetric indications. 

Cardiomyopathies 

Women with cardiomyopathies often have limited cardiovas¬ 
cular reserve which can be exacerbated by the hemodynamic 


changes of pregnancy and can result in clinical decompensation 
with worsening heart failure, arrhythmias, and rarely, maternal 
death [86]. Determining the etiology of any pre-existing car¬ 
diomyopathy (Figure 43.10; Video 43.13) is important in the 
management strategy. 

Peripartum cardiomyopathy 

Peripartum cardiomyopathy (PPCM) was first described in 
1937, although heart failure in the puerperium has been rec¬ 
ognized since the eighteenth century. This rare diagnosis is 
important to recognize and treat aggressively, as it remains one 
of the major causes of pregnancy-related death in the United 
States. Inherent in the definition of PPCM is the recognition 
that no other etiology for heart failure is known, and that there 
is no prior history of cardiac disease. The diagnosis of PPCM 
is restricted to the onset of heart failure in the last month of 
pregnancy through 5 months postpartum. There must be a 
demonstrable impairment of left ventricular function as docu¬ 
mented by echocardiography with an ejection fraction <45% or 
a shortening fraction <30% [87,88]. The clinical presentation 
of these women is often indistinguishable from other forms of 
cardiomyopathy, with symptoms of shortness of breath, fatigue, 
and edema, which are often masked by pregnancy. The diag¬ 
nosis is often made in the postpartum period [89]. Risk factors 
for PPCM include advanced maternal age, multifetal pregnancy, 
multiparity, pre-eclampsia or pregnancy-induced HTN, and use 
of tocolytic therapy [90]. Management strategies include diuret¬ 
ics for fluid retention, afterload reduction, beta-blockers for rate 
control, and consideration of delivery as soon as fetal lungs are 
mature. The prognosis of PPCM is variable, and generally if the 
left ventricular function improves, it does so in the first 6 months 
after diagnosis. However, even if the EF improves, women may 
continue to have decreased contractile reserve and limited exer¬ 
cise tolerance [90]. In one study of 92 women with PPCM, 26 
recovered their LV function while 66 did not. There were no 
echocardiographic features identified that would predict which 
women with PPCM would have recovery of LV function [91]. 

Specific management issues 

Hypertensive complications of pregnancy are common. At least 
5% of pregnant women have pre-existing systemic hypertension 
(HTN). Gestational (pregnancy-induced) HTN is defined as an 
increase in systolic BP of at least 30 mmHg and diastolic BP by 
15 mmHg that occurs after 20 weeks’ gestation and resolves by 
6 weeks postpartum [92]. In a large literature review of almost 
25,000 pregnancies in women with CHD, hypertensive disorders 
related to pregnancy do not appear to be more prevalent for the 
whole CHD cohort [36]. 

Acute myocardial infarction (MI) in pregnancy is extremely 
rare. The case fatality rate, however, is between 5 and 37%. 
Pregnant women with acute MI should be evaluated urgently 
for coronary artery dissection. Risk factors for coronary artery 
dissection include systemic hypertension, diabetes, tobacco 
use, advanced maternal age (>30 years), thrombophilia, and 
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Figure 43.8 Cardiac CT reformatted images demonstrating a type B aortic dissection in a woman with Marfan syndrome at 28 weeks’ gestation. 


postpartum infections. Coronary artery dissection may occur up 
to 6 weeks postpartum [93,94]. 

Cardiovascular invasive strategies in women during preg¬ 
nancy should be limited to severe clinical decompensation, 
unresponsive to medical interventions. Radiation doses 
>100 mGy are likely to cause dose-dependent developmental 
effects. Cardiac catheterization should be avoided in the first 
trimester if possible [95]. At the time of catheterization of any 
pregnant woman, abdominal shielding should be performed 
[95]. 

In rare cases where cardiac bypass surgery is required in preg¬ 
nancy, maternal survival is good; however, fetal loss remains 
high [96]. 


Despite the rare occurrence of cardiac arrest as a complication 
of childbirth, guidelines exist for the management of this critical 
situation. Efforts should be made to place the patient in the full 
left-lateral position to relieve possible compression of the infe¬ 
rior vena cava. Intravenous access above the diaphragm should 
be established, and 100% oxygen administered. It is imperative 
to consider and treat any reversible cause of deterioration. Emer¬ 
gency cesarean section may be considered at 4 minutes after 
onset of maternal cardiac arrest if there is no return of spon¬ 
taneous circulation (Class lib, LOE C) [97]. 

An experienced multidisciplinary team should care for 
women with heart disease desiring pregnancy. The frequency of 
visits and diagnostic testing will be determined by the womans 
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Figure 43.9 (a-d) Parasternal long- and short-axis views demonstrating a large vegetation (arrow) on a bicuspid aortic valve in a woman who presented 
with fever at 25 weeks’ gestation. Color Doppler reveals severe aortic regurgitation. She went into premature labor at 36 weeks, and underwent replacement 
of her aortic valve one week after delivery. Ao, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle. 


underlying cardiac condition. Most women with heart disease 
should undergo a vaginal delivery, and cesarean section should 
be performed for obstetric indications [2]. Women with a his¬ 
tory of CHD should be counseled to undergo fetal echocardiog¬ 
raphy at around 22-24 weeks’ gestation (Figure 43.11). Many of 
the maternal cardiac complications in women with heart disease 
occur in the postpartum period, and women must be followed 
closely for adverse outcomes. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 43.1 Apical 4-chamber echocardiogram in a woman with 
transposition of the great arteries and an atrial switch procedure 


demonstrating a dilated, hypertrophied systemic right ventricle, 
who presented with heart failure in the postpartum period. 

Video 43.2 Color Doppler in this same patient with transposition 
of the great arteries and an atrial switch demonstrating severe tri¬ 
cuspid regurgitation. 

Video 43.3 Parasternal long-axis echocardiogram demonstrating a 
mitral stenosis in a woman with rheumatic heart disease who pre¬ 
sented at 21 weeks’ gestation. 

Video 43.4 Parasternal short-axis 2D and color Doppler echocar¬ 
diograms demonstrating a mitral stenosis and regurgitation in a 
woman with rheumatic heart disease who presented at 21 weeks’ 
gestation. 

Video 43.5 Parasternal short-axis view of a woman with repaired 
tetralogy of Fallot and a bioprosthetic pulmonary valve with valvar 
degeneration during pregnancy 
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Figure 43.10 (a) Parasternal long-axis view of a woman with hypertrophic cardiomyopathy who presented in the second trimester of pregnancy with a left 
ventricular outflow tract gradient of 91 mmHg. (b) Ao, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle. 


Video 43.6 Color Doppler echocardiography in the same patient 
as in Video 43.5 demonstrates turbulent flow across the pulmonary 
valve. 

Video 43.7 A postpartum 2D echocardiogram of a woman with 
Marfan syndrome and a dilated aortic root presenting with a type A 
aortic dissection. The parasternal long-axis view demonstrates the 
dissection flap in the aortic root. 

Video 43.8 Color Doppler in the same patient as in Video 43.7 
demonstrates severe aortic regurgitation. 

Video 43.9 Parasternal long-axis view demonstrating a large veg¬ 
etation on a bicuspid aortic valve in a woman who presented with 
fever at 25 weeks’ gestation. 


Video 43.10 Parasternal long-axis view color Doppler reveals 
severe aortic regurgitation. 

Video 43.11 Parasternal short-axis view of the same patient as 
in Video 43.10 with a large vegetation on a bicuspid aortic 
valve. 

Video 43.12 Parasternal short-axis color Doppler on the same 
patient as in Video 43.10 with a large vegetation on a bicuspid aortic 
valve confirms severe aortic regurgitation. She went into premature 
labor at 36 weeks, and underwent replacement of her aortic valve 
one week after delivery. 

Video 43.13 Parasternal long-axis echocardiogram of a woman 
with hypertrophic cardiomyopathy who presented in the second 
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Figure 43.11 A 3D reconstruction magnetic resonance angiogram of a woman with truncus arteriosus, (a) Ao, aorta; RV, right ventricle; arrow, single 
truncal valve; *, RV-PA conduit. At 20 weeks’ gestation, she underwent a screening fetal echocardiogram that detected truncus arteriosus in the fetus. 

(b) Arrow, single truncal valve; *, ventricular septal defect. The fetal echocardiographic Doppler demonstrates truncal valve regurgitation in the fetus. 

(c) f, truncal valve regurgitation. Source: Daniels CJ, Zaidi AN (eds.) Color Atlas and Synopsis of Adult Congenital Heart Disease , McGraw-Hill, 2015, 
Chapter 11, Figure 11-3. Reproduced with permission of McGraw-Hill Education. 


trimester of pregnancy with a left ventricular outflow tract gradi¬ 
ent of 91 mmHg. 
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Fetal cardiology has evolved over the past two decades into 
a highly specialized clinical field that merges fetal-perinatal 
medicine and pediatric cardiology. At the center of this field is 
the fetal echocardiogram, which permits the evaluation of fetal 
cardiovascular anatomy, function, and rhythm. Fetal echocar¬ 
diography continues to provide new insight into normal human 
cardiovascular growth and physiology otherwise only under¬ 
stood previously through fetal animal models. Improvements in 
ultrasound technology have made it possible to define in detail 
most forms of congenital heart disease (CHD), and to detect 
CHD even in the late first trimester. It has contributed signifi¬ 
cantly to our understanding of the prenatal and perinatal patho¬ 
physiology of structural and functional cardiovascular lesions. 
Serial observations have provided insight into the evolution and 
etiologies of the postnatal spectrum of CHD, improved prena¬ 
tal counseling regarding prognosis, and even prompted devel¬ 
opment of fetal and perinatal interventions to alter the course of 
disease and thus improve outcome. Fetal echocardiography has 
provided a means of evaluating fetal arrhythmias which has led 
to the development of successful therapeutic strategies to pre¬ 
vent or reverse associated fetal heart failure. Finally, our ability 
to evaluate fetal heart function and to predict the potential for 
evolution of heart failure in primary cardiovascular lesions and 
in lesions that secondarily influence the fetal heart has contin¬ 
ued to improve. Fetal echocardiography will continue to play a 
critical role in the management of a large spectrum of primary 
cardiac and noncardiac fetal pathologies. 

Indications and timing of fetal 
echocardiography 

With the growth and development of fetal cardiology and evo¬ 
lution of assisted reproduction and fetal therapy, the indica¬ 
tions for a fetal echocardiography have grown concurrently 
(Table 44.1). These indications can be divided into maternal, 
fetal, and familial categories. Knowledge of the types and inci¬ 


dence of cardiac disease associated with a given risk factor, 
and the likelihood of diagnosis at a given gestational age are 
important in the approach to the examination, counseling, and 
follow-up of the pregnancy. An understanding of the incidence 
of extracardiac pathology in given cardiac pathology [1] is also 
essential as many associated lesions importantly impact the clin¬ 
ical outcome. 

The most common reasons for referral for fetal echocardio¬ 
graphy include maternal disease, maternal teratogen exposure, 
and family history of CHD or syndromes associated with CHD 
[2-4]. The referrals most associated with fetal heart disease, 
however, are based on an obstetric ultrasound that suggests an 
abnormality of the fetal heart (70-75% of affected pregnan¬ 
cies). Another 15-20% of affected pregnancies are referred for 
fetal echocardiography because of the diagnosis of extracardiac 
abnormalities on a routine obstetric ultrasound. As such, routine 
obstetric ultrasound screening in all pregnancies plays a critical 
role in the detection of fetal CHD. 

The timing of the fetal echocardiogram depends partly upon 
the reason for referral. Most fetal echocardiograms are per¬ 
formed in the mid second trimester, between 18 and 23 weeks. 
This is typically the gestational age at which routine obstetric 
ultrasounds are performed, and prior to the gestational age limit 
for pregnancy termination in most countries where this is legal¬ 
ized. Occasionally, referral for fetal echocardiography occurs in 
the late second or third trimesters, for instance, when a follow¬ 
up ultrasound reveals a new anatomic finding or in cases where 
rhythm abnormalities with or without fetal hydrops are detected. 
With the advent of endovaginal transducers and the introduc¬ 
tion of high-resolution linear and curvilinear probes, there has 
been an increasing interest in first trimester fetal echocardio¬ 
graphy as early as at 10-11 weeks [5-12]. The latter has been 
prompted in part as a consequence of the development of nuchal 
translucency screening at 10-14 weeks which identifies the fetus 
at risk of aneuploidy [13-15] and congenital heart disease in the 
absence of aneuploidy [16-19]. 
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Table 44.1 Indications for fetal echocardiography Technical Considerations 


Maternal 

Metabolic disorders 
Diabetes mellitus 
Gestational diabetes 
Phenylketonuria 
Autoimmune disease 
Sjogren syndrome 
Systemic lupus erythematosus 

**Further elevated risk if concurrent maternal hypothyroidism or 
previous pregnancy with affected fetus 
Teratogen exposure 
Alcohol 
Lithium 

Vitamin A derivatives (retinoic acids) 

Vitamin K antagonists 
Anticonvulsants 
SSRI antidepressants 
ACE inhibitors 
NSAIDs 

Maternal/intrauterine infection 
Maternal CHD 

Pregnancy from assisted reproduction 

Fetal 

Suspected fetal heart abnormality by ultrasound 
Extracardiac structural abnormalities 
Central nervous system 
Renal pathology 
Abdominal wall defects 
Gastrointestinal abnormalities 
Diaphragmatic hernia 
Skeletal anomalies 
Cystic adenomatous malformation 
Arteriovenous malformations 
Increased nuchal translucency 
Cystic hygroma 

Single umbilical artery (two vessel cord) 

Chromosomal abnormalities - confirmed or suspected 
Fetal arrhythmia 
Monochorionic twin gestation 
Structural heart disease 
Twin-twin transfusion syndrome 
Acardiac twin gestation 
Conjoined twins 
Fetal nonimmune hydrops 
Fetal conditions affecting fetal cardiac output 
Fetal anemia 
Familial 

Previously affected child 
Paternal CHD 
Consanguinity 

Mendelian syndromes (examples) 

DiGeorge syndrome 
Tuberous sclerosis 
William syndrome 
Ellis—van Creveld 


CHD, congenital heart disease; SSRI, selective serotonin reuptake 
inhibitors. 


Diagnostic imaging of the fetal heart requires a technical 
approach that is different from that used in routine obstetric 
ultrasound and more akin to postnatal imaging of the heart. The 
dynamic nature and complexity of the heart requires high frame 
rates and optimal resolution. To obtain details of the diminu¬ 
tive fetal cardiovascular structures, a high-frequency transducer 
in the 6-10 MHz range with dynamic focusing capabilities is 
required in most cases. The highest frequency transducer that 
provides the needed penetration should be chosen. Frame aver¬ 
aging options or persistence is off or on low. A compress set¬ 
ting allowing for a narrow dynamic range (grayscale) has bet¬ 
ter sensitivity and defines the blood-tissue interfaces. While the 
fetal lungs do not interfere, the maternal abdominal wall may be 
thick and may have echogenic areas from adipose or scar tissue. 
Additionally, lotions and oils used on the skin, and fetal bone 
all contribute to reduced image quality and may limit imaging 
planes. Amniotic fluid provides a very useful interface between 
the maternal abdomen and the fetal chest, and low amniotic 
fluid levels reduce fetal image resolution significantly. Use of 
lower frequency transducers and harmonic imaging can facili¬ 
tate the evaluation of third trimester patients or if the fetus is 
at a greater distance from the transducer. Finally, in late first 
trimester pregnancies, use of high-frequency, high-resolution 
endovaginal transducers, if available, may be required in some 
patients for even a basic evaluation of the fetal heart [6,7,11,12]. 

Color flow Doppler adds important information and should 
be used routinely. Color settings need to be optimized so that the 
color fills the desired vessel or chamber without causing signifi¬ 
cant “bleeding” of color outside of or across the structure being 
assessed. The Nyquist limit needs to be set just above the level at 
which aliasing is seen. The Nyquist limit, color gain, and color 
persistence needs to be modified regularly throughout the exam¬ 
ination depending on what is being imaged. Power Doppler can 
be used to image particularly small vessels or vessels with low 
velocity flow. Traditionally power Doppler did not give direc¬ 
tion of flow and hence was scarcely used in fetal echocardiogra¬ 
phy. However, power Doppler with high-definition (HD) flow 
has recently been introduced and allows bidirectional power 
Doppler imaging. 

The screening fetal echocardiogram 

A complete fetal echocardiogram should include two- 
dimensional (2D) imaging of the fetal cardiac anatomy, 
spectral and color Doppler interrogation of intracardiac, great 
arteries/arches and systemic and pulmonary venous blood 
flow, and a basic assessment of fetal heart function and rhythm 
(Table 44.2). Assessment of more remote blood flows, such as 
in the middle cerebral artery and umbilical artery and vein 
can provide useful information regarding fetal well-being, 
placental function, and the effect of cardiac disease on other 
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Table 44.2 Components of a complete fetal echocardiogram 


Two-dimensional imaging 

Orientation to fetal position 
Exclude obvious fetal hydrops 
Pleural effusions 
Pericardial effusion 
Ascites 
Skin edema 

Visceral and atrial situs evaluation 
Cross-sectional images 
Four-chamber view sweeps 
Cardiac axis 

Cardiac size/cardiothoracic ratio 
Cardiac position 
Left and right atria 
Atrial septal anatomy 

Pulmonary veins (at least one right and one left) 

Tricuspid valve 
Mitral valve 

Right ventricular morphology 
Left ventricular morphology 
Ventricular septal anatomy 
Left ventricular outflow-aorta-pulmonary artery 
Right ventricular outflow 
Three-vessel view sweeps 

3-vessel view - normal great artery position and size relationship 

Branch pulmonary arteries 

Ductus arteriosus orientation and size 

Aortic arch orientation and size 

Trachea 

Left innominate vein 
Sagittal sweeps 
Right superior vena cava 
Right inferior vena cava 
Left and right atria 
Atrial septal anatomy 
Aortic arch 
Ductal arch 

Tricuspid and mitral valve enface 
Right and left ventricular morphology 
Aortic and pulmonary outflow tracts 
Basic RV and LV systolic function assessment 
Ductus venosus and umbilical artery and vein anatomy 
Color flow mapping 
Tricuspid and mitral valves 
Ventricular outflows 
Pulmonary veins 
Aortic arch 
Ductal arch 
Inferior vena cava 
Ductus venosus 
Umbilical artery and vein 
Pulsed Doppler assessment 
Ventricular inflows 
Ventricular outflows 
Ductus arteriosus 
Aortic arch/isthmus 
Pulmonary veins 

Inferior vena cava or hepatic vein 
Ductus venosus 
Umbilical vein 
Umbilical artery 

Rhythm assessment 

Fetal heart rate 

Relationship between atrial and ventricular contraction 


organs. Obtaining measures of fetal size such as the biparietal 
diameter and femur length are important particularly when 
measurements of cardiac structures are not in keeping with 
gestational age. Assessment of the fetal heart is unique relative 
to postnatal evaluation of the pediatric patient in several ways. 
Orientation to fetal position within the mother is critical for 
deciphering right and left positions and the relationship of 
cardiovascular structures within the fetal chest and abdomen. 
The fetus is active, particularly prior to 16 weeks, and may shift 
many times during an examination requiring reorientation 
to fetal position. The diminutive structures at less than 16 
weeks and the frequently prone position (spine-up) and relative 
oligohydramnios at >35 weeks may result in suboptimal image 
resolution. Classical imaging planes through the heart used 
after birth may be attempted in the fetus, but are frequently not 
available. As such one must be creative in deciphering particu¬ 
larly complex fetal structural heart disease. The unique aspects 
of the fetal circulation, including the parallel circulation and 
the presence of the foramen ovale and ductus arteriosus with 
equalization of pressures and redistribution of flow, must be 
taken into consideration and frequently results in the need for 
use of indirect observations such as discrepancy in ventricular 
or great artery size to determine the severity of a condition. 
Finally, the details gleaned must immediately be processed and 
synthesized in order to provide accurate counseling for a usually 
very stressed patient and her partner. 

Two-dimensional imaging 

Fetal echocardiographic assessment requires a systematic 
approach as is typically done after birth with determination of 
segmental anatomy, atrial-ventricular and ventricular-great 
artery connections, and assessment of aortic and ductal arch 
morphology and position. Cross-sectional, sagittal, and coronal 
images through the fetal chest, and short- and long-axis imaging 
of the fetal heart are valuable in the evaluation of both normal 
and abnormal fetal heart anatomy. The fetal heart and vascular 
structures are positioned within fluid-filled lungs that provide 
a unique opportunity to appreciate the normal and abnormal 
relationship of these structures to each other and their position 
within the thorax itself, much as is done after birth by cardiac 
magnetic resonance imaging. 

Delineation of visceral and atrial situs requires an orienta¬ 
tion to fetal position. This is probably the most challenging task 
of the fetal echocardiographer as there are innumerable poten¬ 
tial fetal positions (e.g., supine, prone, transverse, vertex, etc.). 
This becomes even more difficult in multiple pregnancies. Tech¬ 
niques have been described to facilitate orientation, but none are 
without potential for error. Orientation of the transducer along 
the long axis, particularly the spine of the fetus at lower mag¬ 
nification will immediately provide information regarding the 
position of the head and the feet. The fetal spine helps distin¬ 
guish the anterior and posterior aspects of the fetus. Use of a 
doll or model can facilitate recognition of the left and right sides 
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Figure 44.1 Cross-sectional image through the normal fetal abdomen. Ao, 
descending aorta; IVC, inferior vena cava; sp, spleen; st, stomach; L, left; R, 
right. 


of the fetal body and help to better understand the fetal posi¬ 
tion and planes of imaging. In one technique, when the fetus 
is supine or prone, whether vertex or breech, orientation of the 
transducer orientation groove towards the fetal head along the 
long axis of the fetal body and clockwise rotation results in a 
cross-sectional image that displays the fetal left to the right of 
the screen (Video 44.1) [20]. This technique becomes more dif¬ 
ficult to use when the fetus is in a transverse lie. Irrespective of 
the technique employed, if there is fetal cardiovascular pathol¬ 
ogy, it is critical that the responsible clinician put his/her hands 
on the transducer as the potential for error in determining the 
left and right sides of the fetus is significant and impossible to 
recognize with solely a review of images. 

Once the fetal position is determined, cross-sectional imag¬ 
ing beginning at the level of the fetal abdomen with sweeping to 
the fetal chest provides information regarding visceral and atrial 
situs. A right-dominant liver, and left-sided stomach and spleen 
as well as a right-sided inferior vena cava suggests visceral situs 
solitus (Figure 44.1). Sweeping to the fetal chest, the inferior vena 
cava moves anteriorly to connect ultimately with the floor of the 
right atrium, just beneath the septum primum and the pathway 
to the foramen ovale. A cross-sectional image through the fetal 
chest provides images of the four chambers of the heart (Fig¬ 
ure 44.2; Video 44.2). The heart should be roughly one third the 
size of the fetal chest. The cardiac axis, the axis of the ventricu¬ 
lar septum relative to the midline of the fetal chest, is 43 +1-7 
degrees with little variation from 14 weeks to term (Figure 44.2a) 
[21]. Interestingly, the heart is much more mesocardic in the first 
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Figure 44.2 Cross-sectional image through the fetal thorax demonstrating 
(a) the cardiac axis - angle of the septum (dashed line) from the midline 
(solid line) - and (b) the 4-chamber view (the arrow demonstrates the 
offset of the atrioventricular valves). RA, right atrium; RV, right ventricle; 
L, left; R, right. 


trimester, rotating to the left by the 12th week [22]. In the nor¬ 
mal fetus, the right atrium and a portion of the right ventricle are 
to the right of the midline (Figure 44.2b). The left ventricle, left 
atrium and a portion of the right ventricle are to the left of the 
midline. Any change in cardiac axis or position of the four cham¬ 
bers relative to the midline should prompt a search for either 
intracardiac or intrathoracic extracardiac pathology, the latter 
including unilateral lung hypoplasia [23,24], diaphragmatic her¬ 
nia, pulmonary sequestrations, and cystic adenomatous malfor¬ 
mations. 
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The left atrium is the most posterior 4-chamber structure, 
positioned just anterior to the descending aorta in the nor¬ 
mal heart. At least one left and right pulmonary vein should 
be demonstrated at this level connecting with the left atrium 
with the left pulmonary veins coursing closest to the left-sided 
descending aorta. Color Doppler settings need to be optimized, 
with an appropriately reduced Nyquist limit, to show the low- 
velocity venous flow. Pulsed (PW) Doppler provides confirma¬ 
tion and assessment of the pulmonary venous flow pattern. (Fig¬ 
ure 44.3; Video 44.3). 

Evaluation of the fetal atrial and ventricular septa is best 
accomplished from planes of imaging perpendicular to the sep¬ 
tum, thus preventing dropout of thinner structures including 
the septum primum and the membranous ventricular septum, 
which may almost appear absent when the plane of imaging 
is parallel to these structures. Assessment of the atrial septum 
should include imaging of septum secundum and primum and 
the foramen ovale (Figure 44.4). Sweeping posteriorly and infe- 
riorly from the 4-chamber view, the thin coronary sinus is visu¬ 
alized as it courses within the left atrium just behind the inferior- 
posterior ring of the mitral valve. Dilation of the coronary sinus, 
which may be misinterpreted as an atrial septal defect at its 
mouth into the right atrium, suggests the presence of a persis¬ 
tent left superior vena cava. 

The mitral and tricuspid valves should be evaluated from both 
4-chamber and short-axis imaging. In the normal heart, there is 
a subtle offset of the valves with a more apically displaced septal 
leaflet of the tricuspid relative to the anterior leaflet of the mitral 
valve (Figure 44.2b). A short-axis image through the inflow por¬ 
tion of the ventricles further delineates the AV valve morphol¬ 
ogy, with the anterior leaflet of the mitral valve shown away from 
the ventricular septum (Figure 44.5c; Video 44.4). 

While postnatally, the trabeculation pattern of the ventricles 
may help in distinguishing the ventricles, prenatally this finding 
is less distinct, and thus other criteria should be used. The atri¬ 
oventricular valves, when of normal morphology, can assist in 
defining the ventricles because a tricuspid valve is always part of 
a right ventricle and a mitral valve part of a left ventricle. The 
right ventricle has a more pyramidal shape with an inflow por¬ 
tion, a body and an outflow or infundibulum from which one or 
both great arteries arise. Identification of the moderator band, 
best recognized in a 4-chamber image, is also useful to identify 
the right ventricle. In contrast the more bullet-shaped, left ven¬ 
tricle has two papillary muscles best visualized in a short-axis 
or sagittal sweep through the heart (Figure 44.5d; Video 44.4), 
and continuity between the anterior mitral valve leaflet and the 
semilunar valve (usually aorta) can be demonstrated in a long- 
axis image through the fetal heart (Figure 44.6a). 

The ventricular septal anatomy includes an inlet, membra¬ 
nous, trabecular and outlet (conal septum) portion. They are 
typically evaluated through sweeping from the crux of heart just 
above the diaphragm to the ventricular outlets, or in a short-axis 
view sweeping from a more rightward aspect of the fetal heart 
leftward to the ventricular apex (Video 44.4). Slow sweeps with 
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Figure 44.3 (a) Four-chamber view demonstrating left and right 
pulmonary veins, (b) Color Doppler confirms the connection of left and 
right pulmonary veins with the left atrium, (c) Normal pulmonary vein 
flow is of low velocity with peaks in ventricular systole (s) and early diastole 
(d) and decreased flow during atrial systole (arrow). L, left; R, right; LPV, 
left pulmonary vein; RPV, right pulmonary vein. 
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Figure 44.4 Atrial septal anatomy from the (a) 4-chamber and (b) sagittal views. The short arrow points to septum primum or the flap of the foramen ovale 
in both images. RA, right atrium; RV, right ventricle; IVC, interior vena cava, (c) Color Doppler demonstrates the path of the foramen ovale from right to 
left atrium, (d) Pulsed Doppler demonstrates the pulsatile flow pattern. IVC, inferior vena cava; RA, right atrium; RV, right ventricle; L, left; R, right. 


color flow imaging at low-velocity settings can permit detection 
of even smaller ventricular septal defects. 

Sweeping to the fetal head from a 4-chamber image, the ven¬ 
tricular outflow tracts and great arteries can be demonstrated 
(Figure 44.6; Video 44.2). The left ventricular outflow tract, 
begins more posterior and leftward relative to the right ventric¬ 
ular outflow tract and courses towards the right. The right ven¬ 
tricular outflow tract begins more anterior and courses leftward, 
wrapping around the left ventricular outflow meeting the pul¬ 
monary valve and main pulmonary artery. The main pulmonary 


artery is positioned to the left of the midline in the anterior - 
superior aspect of the fetal chest. 

The “3-vessel view” facilitates recognition of normal and 
abnormal great artery, arch and airway anatomy [25]. It is 
a cross-sectional image obtained through the superior medi¬ 
astinum that in normal fetuses consistently demonstrates the 
relationship of the right superior vena cava, ascending aorta and 
main pulmonary artery to each other and to other structures 
within the fetal chest (Figure 44.6). The main pulmonary artery 
is seen in this view in its long axis as the most anterior and 
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Figure 44.5 (a-d) Sagittal sweep through the fetal thorax. Ao, ascending aorta; IVC, inferior vena cava; LA, left atrium; AMVL, anterior mitral valve 
leaflet, PMVL; posterior mitral valve leaflet; RA, right atrium; LA, left atrium; RV, right ventricle; SVC, superior vena cava; solid arrow denotes left main 
coronary artery; dotted arrows denote left ventricular papillary muscles. 


leftward vessel. The ascending aorta, in its short axis, is right- 
ward and slightly more posterior relative to the main pulmonary 
artery. Finally, the right superior vena cava seen in its short axis is 
more rightward and posterior and usually has the smallest diam¬ 
eter compared to either great artery. Presence of an additional 
structure leftward of the main pulmonary artery and anterior 
to the left pulmonary artery may indicate a persistent left supe¬ 
rior vena cava. Demonstration of a normal 3-vessel view quickly 
establishes the presence of normally related great arteries. The 
size relationship of the structures can assist in identifying altered 


flow or abnormal growth of the three vessels as may occur in 
left (including aortic coarctation) or right heart obstruction, the 
presence of semilunar valve insufficiency, altered flow through 
the left or right heart, and altered flow in the superior vena cava 
(e.g., interrupted inferior vena cava with azygous continuation 
or vein of Galen aneurysm). In the 3-vessel view the right pul¬ 
monary artery is seen coursing posterior in its long axis to the 
ascending aorta and superior vena cava (Figure 44.6d). Visual¬ 
ization of the left pulmonary artery often requires a slight rota¬ 
tion of the transducer from a straight cross-sectional plane as it 
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Figure 44.6 (a,b) Long-axis images through the fetal heart demonstrating crossing of the ventricular outlets and great arteries which can be only 
demonstrated through sweeping, (c) The normal 3-vessel view, (d) Both branch pulmonary arteries shown. The arrow in (a) shows area of continuity 
between anterior mitral valve leaflet and aortic arch. Ao, ascending aorta; DA, ductus arteriosus; DAo, descending aorta; LPA, left pulmonary artery; LV, 
left ventricle; PA, main pulmonary artery; RPA, right pulmonary artery; RV, right ventricle; SVC, superior vena cava; L, left; R, right. 


courses slightly more inferiorly relative to the right pulmonary 
artery (Figure 44.6d). 

In the 3-vessel view, the main pulmonary artery can be seen 
joining the arterial duct (Figure 44.7a) which dives straight back 
just to the left of the midline to meet the left-sided, descending 
aorta. Sweeping cephalad, the aortic arch can be seen coursing 
from right anterior to left posterior, crossing the midline towards 
the left of the trachea ultimately joining the descending aorta 
(Figure 44.7a). This confirms the presence of a left-sided aortic 


and ductal arches. From the 3-vessel sweeps, one can immedi¬ 
ately orient the transducer to obtain a long axis of the arches. For 
instance, when the fetus is supine, rotating the transducer 90° 
along the plane of the ascending aorta (Figure 44.7b) (from right 
anterior to left posterior) produces a long-axis image of the fetal 
aortic arch (Figure 44.7c). The ascending aorta begins slightly 
more centrally courses anteriorly and curves posteriorly to meet 
the descending aorta, giving rise to the three brachiocephalic 
arteries. Its classic “cane handle” appearance (Figure 44.7c; 
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Figure 44.7 (a) A slightly rotated (clockwise) 3-vessel view demonstrating aortic and ductal arches. The arrow in (a) points to the trachea which, in the 
normal fetus, is to the right of both aortic and ductal arches, (b) Note change in fetal orientation from (a). By moving such that the cross-sectional image is 
aligned from the ascending aorta (Ao) to the descending aorta or the main pulmonary artery to the ductus arteriosus (DA) as shown in the dotted lines 
and rotating 90°, the long axis of the aortic (c) and ductal (d) arches, respectively, can be demonstrated. Ao, aorta; DA, ductus arteriosus; L, left; R, right. 


Video 44.5) is readily distinguishable from the more flat, hockey- 
stick shape of the arterial duct (Figure 44.7d) with an almost 90° 
angle with the descending aorta. 

Early in gestation, in the normal fetus, the left and right sides 
of the heart are usually symmetric or nearly symmetric partic¬ 
ularly prior to 16 weeks. Later in gestation, however, the right 
atrium, right ventricle, main pulmonary artery, and even the 
arterial duct may be mildly larger than the left-sided struc¬ 
tures [26,27]. Recognition of the normal degree of asymmetry 
is important in the detection of more subtle obstructive lesions 
including coarctation of the aorta [28,77]. Use of normograms 
for fetal cardiac dimensions, including inflow/outflow valve size 
and ventricular diameter and length, with generation of z-scores 
can be helpful in establishing size of structures relative to normal 
and in following growth [29]. 


Doppler interrogation 

Spectral Doppler interrogation of the fetal heart requires the use 
of narrowed sample volumes and low-velocity settings for most 
assessments. While Doppler interrogation of the fetal heart with 
both color and PW Doppler is now routine in fetal echocar¬ 
diography, much of the pathology can be detected from care¬ 
ful 2D imaging of the fetal cardiovascular anatomy. In this sit¬ 
uation, Doppler confirms what is suspected based on the 2D 
images. Occasionally, though, new information such as valvar 
regurgitation or early pathology may be identified that warrants 
more detailed and ongoing assessment of the pregnancy. Color 
and PW Doppler may assist in the detection of certain aspects 
of normal anatomy where the image resolution is not suffi¬ 
cient. This is particularly true in very early pregnancy [7]. Color 
Doppler identifies abnormal flows including valve insufficiency 
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Figure 44.8 Pulsed Doppler spectra of (a) the left ventricular inflow and (b) outflow; (c) the inferior vena cava; (d) the ductus venosus; and (e) the 
umbilical vein. Inflow Doppler spectra are characterized from 12 weeks’ gestation as biphasic and A-wave (atrial systole) dominant, with increasing E-wave 
(early ventricular diastole) velocities through gestation. Outflow velocities progressively increase during gestation as cardiac output increases. Inferior vena 
caval (IVC) (c) and ductus venosus (DV) (d) flows are phasic, with forward flow in ventricular systole (s) and early diastole (e), and flow reversal (IVC) or 
reduced velocities (DV) in atrial systole (a), (e) Umbilical vein (UV) flow is continuous and of low velocity and displays mild undulations during fetal 
breathing. 


and obstruction, ventricular septal defects, and altered ductal 
and arch flow as observed in critical pulmonary or systemic 
outflow obstruction, respectively. Routine PW Doppler inter¬ 
rogation of both ventricular inflows and outflows, pulmonary 
venous, aortic and ductal arch, inferior vena cava, ductus veno¬ 
sus and umbilical arterial and vein flow is not only useful in con¬ 
firming normal flows and function, but helps with the recogni¬ 
tion of abnormal flows and altered fetal heart function (Figures 
44.8 and 44.9). 

Fetal heart function 

Evaluation of fetal heart function requires basic knowledge 
of normal fetal cardiovascular physiology and developmental 
changes that occur with gestation. It should consist of an eval¬ 
uation of general features, as well as systolic and diastolic func¬ 
tion parameters. Evaluation of fetal heart size or cardiothoracic 
ratio, wall thickness, inferior vena cava diameter, fetal heart rate 
and the presence or absence of features of fetal hydrops or heart 
failure can provide initial clues to the presence of normal or 
abnormal fetal heart function. Basic systolic function may be 


assessed through the measurement of ventricular shortening 
fraction using either 2D images or M-mode interrogation. In 
the normal fetus, left and right ventricular shortening fraction 
is 34 +/- 3% and it does not change from 17 weeks to term [30]. 
Although fetal ventricular ejection fractions have also been doc¬ 
umented using Simpson techniques [31], the reproducibility of 
these volumetric measurements is poor [32]. Three-dimensional 
(3D) and four-dimensional (4D) echocardiography may ulti¬ 
mately provide the most accurate means of volumetric and mass 
assessment of the fetal heart [33-37]. 

Stroke volume and cardiac output can also be assessed. The 
normal fetal left ventricular stroke volume and cardiac output 
is less than that of the right ventricle from the mid-trimester 
to term [38]. It requires accurate measures of semilunar valve 
diameters and that Doppler interrogation of outflows is with 
an angle of insonation of <20° to reduce errors in calculation. 
Documentation of fetal ventricular stroke volume and output 
is very useful in fetuses with hydrops fetalis, with or without a 
known etiology, to determine if increased output is contribut¬ 
ing to the clinical picture. Increasing cardiac output has been 
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Figure 44.9 Umbilical arterial flow from (a) 14 weeks’ gestation consists of 
systolic and diastolic flows, which increase with gestation, (b) The more 
dramatic increase in diastolic flow later in gestation reflects decreasing 
placental resistance, (c) Reversed flow in diastole (arrows) is never normal 
and may be seen where there is severe placental insufficiency, s, systole; d, 
diastole. 


demonstrated, for instance, in such conditions as anemia, AV 
malformations, acardiac twin gestations and agenesis of the duc¬ 
tus venosus [39-41]. 

There has been a growing interest in the evaluation of fetal 
diastolic function in health and disease. PW Doppler assess¬ 
ment of ventricular inflow, inferior vena cava, ductus venosus 
and umbilical vein flow patterns and velocities have been use¬ 
ful in recognizing changes in diastolic or filling function that 
may place the fetus at greatest risk of heart failure and compro¬ 
mised umbilical flow through altered central venous pressures 
[42,43]. Changes that occur in left and right ventricular inflow 
Doppler flow patterns with increasing E-wave velocities during 


early ventricular diastole and minimal change in the A-wave 
velocity, reflect developmental changes in the diastolic proper¬ 
ties of the fetal myocardium which may include both progres¬ 
sively more efficient relaxation and greater compliance [44,45]. 
Simultaneous assessment of left ventricular inflow and outflow 
velocities, permits measurement of the left ventricular isovolu- 
mic relaxation time which in the normal fetus is 43 +/- 8 ms 
(heart rate corrected) from 20 weeks gestation to term [46]. 
Finally, the so-called Tei index or myocardial performance index 
has been used to assess global myocardial function [47]. The Tei 
index equals the sum of the isovolumic relaxation and isovolu- 
mic contraction time over the ejection time. It can be calculated 
for either the left or right ventricle using the offset of ventric¬ 
ular inflow to the onset of the next inflow (a) less the ejection 
period ( b ) divided by b. In the normal second or third trimester 
fetus, the Tei index decreases with the gestational age, with the 
left ventricular index showing a greater decline than the right 
ventricular index [48,49]. The Tei index does not discriminate 
against changes in systolic, diastolic or combined cardiac dys¬ 
function, and, as such, an abnormal Tei index should prompt 
further assessment to define the type, degree and possible cause 
of cardiac dysfunction. 

Tissue Doppler imaging (TDI) has been described in the 
assessment of fetal heart function for over a decade [50,51]. Both 
pulsed-wave TDI (PW-TDI) and color TDI (C-TDI) have been 
used to assess systolic and diastolic fetal cardiac function (Figure 
44.10). Normal values for PW-TDI, from 18 weeks gestational 
age, have been established for the left and right ventricular free 
walls and interventricular septum. FV and RV E/e' normal val¬ 
ues have also been published [50,52]. In clinical practice, fetal 
TDI can be obtained in the majority of cases. As is true for the 
postnatal patient, maximizing the frame rate, minimizing the 
angle of interrogation and using a small Doppler gate is essential. 
Generally PW-TDI values increase as gestational age increases, 
with E/e' values steadily reducing [52]. More recently, C-TDI has 
been used to assess tissue strain and strain rate in the fetus [53]. 
The benefits of C-TDI include being able to choose any region 
of interest offline for assessment [53,54]; however, like PW-TDI, 
C-TDI remains angle-dependent. 

More recently, 2D speckle tissue echocardiography (STE) has 
also been applied to the fetal heart [55-58]. The mechanics 
behind this method are described elsewhere in this textbook. 
One of the main benefits of STE is that, unlike TDI, it is angle- 
independent, which helps overcome some of the specific tech¬ 
nical challenges that fetal position can pose (Figure 44.11). STE 
also allows for assessment of tissue motion not only at multi¬ 
ple sites, but also in multiple different planes (radial, longitudi¬ 
nal, etc.) [58]. STE using velocity vector imaging has recently 
been used in fetal HLHS to demonstrate that right ventricular 
remodeling with greater circumferential relative to longitudinal 
contraction akin to the normal left ventricle, begins in fetal life 
[59]. 

The clinical utility of both TDI and 2D STE imaging is still 
to be established [58,60]. As fetal cardiologists are increasingly 
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(a) (b) 

Figure 44.10 Pulsed-wave tissue Doppler images obtained from the right ventricular free wall in (a) normal in a 34-week fetus and (b) a 21-week fetus 
with possible myocarditis showing short inflow duration with fusion of the E and A waves, a, atrial contraction; e, early diastolic filling; s, systole. 


asked to assess fetuses with the potential for cardiac dysfunc¬ 
tion, especially in its early stages, more advanced techniques to 
assess fetal cardiac function are needed. It is essential that these 
techniques are shown to be accurate and reproducible across 
observers before they come into mainstream use. 

Fetal rhythm assessment 

Finally, a complete screening fetal echocardiogram should 
include a limited assessment of fetal heart rate and rhythm. This 
can be accomplished routinely through the use of either M- 
mode or PW Doppler techniques [61,62] which demonstrate 
the mechanical events of atrial and ventricular contraction (wall 
motion or flow) from which electrophysiologic events are sur¬ 
mised. Figures 44.12 and 44.13 demonstrate techniques that are 
routinely used. Several PW Doppler techniques have been devel¬ 
oped to assess flow during atrial and ventricular contraction 
including simultaneous left ventricular inflow and outflow, pul¬ 
monary artery and pulmonary vein [63], and superior vena cava 
and ascending aortic interrogation [64]. All of these techniques 
are limited to some extent by image resolution and fetal posi¬ 
tion. In addition they require some experience in interpreting 
the tracings. Color tissue Doppler with simultaneous evaluation 
of atrial and ventricular wall movement at multiple sites may 
prove to be the most effective echocardiographic technique for 
assessment of arrhythmias as it is less limited by image resolution 
and fetal position, and may be easier to interpret [65]. The use 
of tissue Doppler in this setting is still finding its place in rou¬ 
tine clinical practice and is limited by availability of programs 
for offline analysis. 


Fetal cardiovascular pathology 
Fetal structural heart disease 

Definition of the segmental anatomy beginning with visceral 
and atrial situs, the atrioventricular and ventricular-arterial 
connections, and aortic and ductal arch position, morphology 
and flow becomes critically important when there is fetal car¬ 
diovascular pathology, particularly of a complex nature. Detailed 
assessment of cardiac pathology, with consideration of what can 
and cannot be confirmed, and knowledge of the potential for 
progression of fetal heart disease is critical for accurate coun¬ 
seling of an affected pregnancy and for perinatal management 
planning. 

The cardiovascular pathology most often encountered prena- 
tally tends to represent a more severe spectrum of pathology 
than is encountered after birth. This is due, at least in part, to 
referral bias with pathology most recognizable in the 4-chamber 
view (e.g., hypoplastic left heart syndrome) more often detected 
at routine obstetric ultrasound [66]. Cardiovascular lesions asso¬ 
ciated with extracardiac pathology, including aneuploidy are 
also more often detected [3,66]. A review of the prenatal features 
of specific forms of CHD are provided in the individual chapters 
devoted to the lesions. Additional examples of an approach to the 
evaluation of selected structural CHD in utero are provided in 
Figures 44.14 to 44.18. 

Fetal echocardiography permits the diagnosis of all forms of 
CHD before birth [67-69] .The accuracy of fetal diagnosis in 
the context of more complex structural heart disease has been 
best demonstrated in heterotaxy syndrome (Figure 44.14) where 
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Figure 44.11 Color tissue Doppler with post-acquisition processing in a 30-week fetus. Values for (a) strain and (b) strain rate can be obtained and 
compared to published normal values. 


associated cardiac pathology includes abnormalities of visceral 
and atrial situs, systemic and pulmonary venous connections, 
A-V and V-A connections, abnormalities of the AV valves and 
outflows, abnormalities of the arches and even abnormalities of 
rhythm. In a large, single-center series of fetal heterotaxy, Take- 
tazu et al. [69] demonstrated, at least in more recent years, that 
the majority of the cardiac pathology when compared to obser¬ 
vations at autopsy or postnatal echocardiography was accurately 
defined (Table 44.3). There are some limitations, however, in 


fetal echocardiography, and the following features may still be 
missed or underappreciated: small to moderate-sized ventricu¬ 
lar and atrial septal defects, minor valve abnormalities, complex 
apical muscular defects, partial anomalous pulmonary veins, 
coronary anomalies and cardiac lesions that evolve after birth. 

Although most CHD is present after 5-7 weeks of gestation, 
there are many ways in which structural heart disease can evolve 
in utero as listed in Box 44.1 [70]. This is at least in part as a con¬ 
sequence of the unique features of the fetal circulation which 
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(b) 


Figure 44.12 Rhythm assessment using simultaneous (a) left ventricular inflow and outflow, and (b) superior vena caval and ascending aortic pulsed 
Doppler interrogation. Doppler atrioventricular (A-V) intervals provide a rough estimate of the P-R interval, a, atrial systole; v, ventricular systole. Ao, 
aorta; LA, left atrium; SVC, superior vena cava. In (a) solid line denotes start of “a” wave and dotted line denotes start of “v” wave. 



Figure 44.13 Fetal rhythm assessment using M-mode echocardiography. The M-mode cursor (dotted line) is directed through the right atrium and left 
ventricle to obtain the tracing. RA, right atrium; LV, left ventricle; a, atrial contraction; v, ventricular contraction. 
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Figure 44.14 Fetal echocardiogram in a 27-week fetus with right atrial isomerism/asplenia syndrome - segmental anatomy {A,D,D}. (a) Four-chamber 
image demonstrating levocardia, an unbalanced atrioventricular (AV) septal defect and dominant D-looped right ventricle. The descending vertical vein 
which connects with all four pulmonary veins is seen immediately behind the common atrium, (b) The pulmonary vein confluence is seen coursing 
behind the posterior aspect of the atrium, and (c) color Doppler confirms pulmonary venous flow (arrows). (d,e) The pulmonary vein confluence joins a 
descending vein that descends through the diaphragm to join the portal venous system (arrow), (f) The “3-vessel view” demonstrating bilateral superior 
vena cava, a large anterior aorta and pulmonary atresia (branch pulmonary arteries indicated by arrow); the latter is confirmed by retrograde ductus 
arteriosus flow. Ao, aorta; atr, atrium; IVC, inferior vena cava; SVC, superior vena cava; L, left; R, right. 
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permits a redistribution of blood flow. There may be progres¬ 
sive atrioventricular or semilunar valve obstruction or insuffi¬ 
ciency, abnormal growth of an AV valve, ventricle, semilunar 
valve, great artery and arch, abnormal growth of the branch pul¬ 
monary arteries, diminution in size or closure of a ventricular 
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septal defect, foramen ovale restriction, ductus arteriosus con¬ 
striction or aneurysm formation, tumor enlargement or regres¬ 
sion, evolution of arrhythmias and the development of conges¬ 
tive heart failure. The potential for progression should prompt 
serial evaluation of most pregnancies with fetal CHD. 



(d) 


Figure 44.15 Critical aortic stenosis at 32 weeks’ gestation, (a) Four-chamber view with dilated left ventricle and early endocardial fibroelastosis affecting 
the left ventricular apex and papillary muscles predominately. (b,c) Forward flow across the stenotic aortic valve (red) with significantly increased flow 
velocity. Peak instantaneous gradient approximately 44 mmHg. (d) Mild mitral regurgitation (arrow), the latter of which can be used to estimate and track 
changes in left ventricular systolic pressure, (e) Three-vessel arch view showing retrograde flow in the aortic arch (red) and antegrade flow in the ductal 
arch (blue) in keeping with critical aortic obstruction. Ao, aorta; LV, left ventricle; RV, right ventricle. 
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(e) 


Figure 44.15 (Continued) 


Box 44.1 Mechanisms of evolution of fetal 

heart disease 

• Development/progression of ventricular inflow, outflow and arch 
obstruction [71-80] 

• Development/progression of structural hypoplasia [71-74, 
76,81-85] 

• Development/progression of valvar regurgitation [75] 

• Development/progression of dysrhythmia [69,75,86-90] 

• Development of foramen ovale restriction [91,92] 

• Diminution and closure of ventricular septal defect [93] 

• Development of ductus arteriosus aneurysm or spontaneous 
constriction [94,95] 

• Development of primary myocardial disease [41,96-99] 

• Development of congestive heart failure [100-104] 

• Development of, progression or regression of cardiac tumors 
[105-107] 


Left and right heart obstructive lesions are among those of 
greatest interest given their risk of progression. More subtle 
abnormalities may be missed. Mild and moderate obstruction 
of either atrioventricular or semilunar valves may be associated 
with subtle ventricular or great artery size discrepancy. If mild 
or moderate semilunar valve obstruction is present early in ges¬ 
tation, there may be progressive obstruction that leads to more 
severe disease at birth. More severe obstruction of either semilu¬ 
nar valve may result in progressive hypertrophy of the ipsilat- 
eral ventricle and the development of AV valve insufficiency 
with increasing continuous-wave (CW) Doppler-demonstrated 
flow velocities suggesting increasing ventricular systolic pres¬ 
sures [71-74]. Eventually, when there is more critical obstruc¬ 
tion, retrograde ductal or aortic arch flow confirms the diag¬ 
nosis and need for prostaglandin therapy after delivery [108]. If 
severe obstruction occurs early in gestation, eventual failure of 
the ipsilateral ventricle or evolution of endocardial fibroelastosis 


observed in critical aortic valve stenosis may result in a redistri¬ 
bution of flow towards the contralateral heart as a consequence 
of the foramen ovale (Figure 44.15; Video 44.6). As long as the 
contralateral ventricle can sustain the equivalent of a biventric¬ 
ular output, the fetus can thrive but there is typically progressive 
hypoplasia of the ipsilateral ventricle, AV valve and great artery 
[71-74]. 

In severe left heart obstruction, progressive restriction of 
the foramen ovale may lead to severe left atrial hypertension, 
cyanosis and pulmonary edema at birth. Foramen ovale restric¬ 
tion may be suggested by the presence of a thickened atrial sep¬ 
tum, a small atrial septal communication and turbulent flow 
through the atrial septum. It can be confirmed through the use 
of pulmonary venous Dopplers [109] (Figure 44.16). As the left 
atrial pressure increases, increasing flow reversal in atrial systole 
and decreasing early diastolic forward flow occurs. Ultimately, 
only to and fro flow may be seen with little net forward flow 
which places the infant at high risk for severe cyanosis at birth 
and ultimately very poor outcomes [ 109]. 

The evolution of more severe secondary pathology including 
hypoplastic left or right ventricles [78-85] in the presence of 
severe semilunar valve obstruction and restriction of the fora¬ 
men ovale has prompted the development of invasive procedures 
to prenatally ameliorate the obstruction. To date, balloon aortic 
and pulmonary valvuloplasty [110-112] and atrial septoplasty 
and stent placement have been described with moderate suc¬ 
cess [113]. 

Some cardiovascular lesions are identified uniquely or more 
frequently before birth. Cardiovascular disease incompatible 
with the fetal circulation or associated with lethal extracardiac 
pathology which lead to fetal demise may be encountered. Ven¬ 
tricular aneurysms or diverticulum may be more common in 
prenatal series partly because more severe pathology is not tol¬ 
erated by the fetal circulation [114-116] (Figure 44.17). Less 
severe lesions including some aneurysms and diverticuli as well 
as rhabdomyoma identified through imaging may not be asso¬ 
ciated with symptoms after birth. There are abnormalities of the 
fetal circulation, including restriction of the foramen ovale [91], 
ductus arteriosus constriction [94,117] and agenesis of the duc¬ 
tus venosus [41] which can cause cardiovascular compromise, 
for which the treatment is often delivery at a viable age. 

Fetal heart failure 

Umbilical venous return, which provides oxygenated blood 
from the placenta directed largely through the ductus venosus 
and across the foramen ovale, requires very low downstream 
systemic venous and atrial and ventricular filling pressures. Any 
pathology that influences central venous pressures can adversely 
affect the fetal circulation and lead to the evolution of hydrops, 
hypoxemia and demise. The fetal circulation requires at least 
one patent and competent AV and semilunar valve, a normally 
filling and ejecting ventricle and a well-functioning placenta. 
Many conditions can lead to the evolution of fetal heart failure 
which manifests in its worst state as hydrops with pleural and 
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Figure 44.16 (a) Four-chamber image obtained 
in a fetus with hypoplastic left heart syndrome. 
Pulmonary venous flow patterns are useful in 
such conditions to assess the severity of left atrial 
hypertension related to restrictive foramen ovale. 
Most affected fetuses have the pulmonary vein 
Doppler profile shown in (b) with low-velocity 
retrograde flow in atrial systole “a.” (c) With 
severe left atrial hypertension, there is loss of 
forward flow in early diastole and reduced flow in 
ventricular systole (V) with increased retrograde 
flow in atrial systole. The fetus with the 
pulmonary vein flow depicted in (c) had a 
maximum P a o 2 of 17 mmHg after birth. RA, right 
atrium; RV, right ventricle. 



pericardial effusions, ascites, and skin edema. Hydrops occurs 
as a consequence of primary myocardial or structural heart 
disease that influences the function of both ventricles, fetal brad- 
yarrhythmias or tachyarrhythmias that affect ventricular filling 
or ejection, and extracardiac abnormalities that affect the fetal 
cardiac output (Table 44.4). In the presence of primary myocar¬ 


dial disease (Figure 44.18; Video 44.7), systolic and diastolic 
function may be affected. The latter of which is most associated 
with the evolution of fetal heart failure [42]. PW Doppler 
evaluation of the fetal ventricular inflows, IVC, ductus venosus 
and umbilical venous flow patterns can help define the severity 
of altered central venous pressures and likelihood of evolution 
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Figure 44.17 Echocardiogram findings in a 21-week fetus with a left ventricular (LV) free wall diverticulum, (a) Associated large pericardial effusion (PE) 
without other signs of hydrops, (b) Two-dimensional imaging of a thin-walled protrusion from the LV free wall that communicates through a narrow neck 
with the LV cavity (arrow); (c) color Doppler of same feature. 


of fetal hydrops (Figure 44.18). Abnormalities of systemic 
venous Dopplers have been used to distinguish cardiovascular 
from noncardiovascular etiologies of hydrops. 

An example of a structural heart defect that is among those 
least tolerated by the fetal circulation is that of severe tricus¬ 
pid valve insufficiency (Figure 44.19; Video 44.8). In this condi¬ 
tion, the right atrium and right ventricle become progressively 
dilated which further worsens the severity of tricuspid insuffi¬ 
ciency. Eventually, the right ventricle is unable to generate suf¬ 
ficient pressure to open the pulmonary valve in systole. If the 
pulmonary valve is patent there maybe pulmonary insufficiency 
which only adds to the right ventricular volume load. While ini¬ 
tially there may be a redistribution of flow towards the left heart 


through the foramen ovale with the left ventricle sustaining the 
equivalent of a biventricular output, the right ventricular loading 
ultimately influences left heart function, particularly LV filling 
[118]. This can lead to increasing central venous pressures and 
eventually to hydrops. In addition, altered left ventricular filling 
and consequent reduced output [119], likely impact the ability 
of the fetus to respond to acute physiologic changes resulting in 
increased risk of sudden demise, particularly in the early third 
trimester. Associated supraventricular tachyarrhythmias com¬ 
promise the fetal heart further by reducing the filling time of 
the left ventricle. Other volume loading conditions are similarly 
less tolerated by the fetal circulation including tetralogy of Fallot 
with absent pulmonary valve syndrome [120]. 
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Figure 44.18 Fetal cardiomyopathy at 22 weeks, (a) Significant biventricular hypertrophy with severely depressed systolic and diastolic function was 
observed. Right-sided pleural effusion (PL) was present as well as ascites. Pulsed Doppler flow patterns with increased atrial and ventricular filling 
pressures and high central venous pressures, (b) Uniphasic (atrial systole), short-duration ventricular inflow pattern (arrows) seen in severe fetal 
myocardial disease, (c) Inferior vena caval flow (IVC) with increased A- wave reversal (arrows), (d) With higher atrial and ventricular filling and central 
venous pressures, there is loss of flow in early ventricular diastole (arrows), (e) In the ductus venosus (dv) there is cessation of forward flow in atrial systole 
and eventual A- wave reversal, (f) Eventually, umbilical venous (UV) pulsations develop with cessation of flow in atrial systole (a). 


Fetal echocardiography, with opportunities to understand the 
etiology and pathophysiology of myocardial dysfunction, has 
played an increasingly more important role in the evaluation and 
noninvasive and invasive management of many fetal conditions 
that alter cardiac function. For instance, fetal echocardiography 
has been increasingly used in the care of monochorionic twin 
pregnancies complicated by twin-twin transfusion syndrome 
[121-123], and in the evaluation and treatment of lesions asso¬ 
ciated with high cardiac output states. 


Evaluation of fetal arrhythmias 

More than 90% of pregnancies referred for fetal arrhythmia are 
either found to have no arrhythmia at the time of fetal echocar¬ 
diography or premature atrial beats [124]. Rarely, more impor¬ 
tant tachyarrhythmias or bradyarrhythmias may be identified 
that have the potential to lead to cardiovascular compromise and 
hydrops. Table 44.5 summarizes the fetal arrhythmias detected 
before birth and the fetal echocardiographic features. Figure 
44.20 provides an example of Doppler and M-mode findings in 
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Table 44.3 Accuracy of specific structural pathology at fetal heterotaxy diagnosis and its evolution with study era [69] 


Variable 

Total 
(n = 45) 

1991-1996 
(n = 18) 

1997-2002 
(n = 27) 

P 

IVC connection in RAI* 

5/9 (56%) 

1/2 (50%) 

4/7 (62%) 

>0.99 

Interrupted IVC in LAI 

30/32 (94%) 

11/12 (91%) 

19/20 (95%) 

>0.99 

SVC anatomy* 

37/43 (86%) 

12/17 (71%) 

25/26 (96%) 

0.03 

Intracardiac lesions 

42/45 (93%) 

15/18(83%) 

27/27 (100%) 

0.06 

Ventriculo-arterial connection 

42/45 (93%) 

16/18(89%) 

25/27 (93%) 

>0.99 

Outflow obstruction* 

39/44 (89%) 

16/17(94%) 

23/27 (85%) 

0.63 

Pulmonary vein connection 8 

30/39 (77%) 

4/12(33%) 

26/27 (93%) 

<0.0001 

Hepatic vein connection^ 

20/31 (65%) 

6/10(60%) 

14/21 (67%) 

>0.99 

Splenic lesion # 

18/24(75%) 

5/7 (71 %) 

13/17 (76%) 

>0.99 


The numerator/denominator indicates the number of lesions accurately diagnosed before birth/the number of lesions identified after birth or at 
postmortem. Accurate diagnosis ratio is showed as percent. IVC, inferior vena cava; SVC, superior vena cava (includes bilateral cava, unilateral SVC and left 
or right SVC to coronary sinus). 

includes inferior vena cava to the left side of the atrium or left-sided atrium, inferior vena cava to the right side of the atrium or right-sided atrium, 
includes isolated right or left superior vena cava to the atrium or coronary sinus or bilateral superior vena cava. 

^aortic, pulmonary or bilateral outflow obstruction. 

§ normal pulmonary venous connection or totally anomalous connection with details regarding specific location of return. 

^connection of all hepatic veins to the inferior vena cava, separate connection and to which atrium. 

# no spleen, single left or right spleen or multi-lobed spleen. 


a case of premature atrial beats with AV block. If they occur 
frequently as in a bigeminal pattern, fetal bradycardia may be 
the referring diagnosis as a result of either blocked AV conduc¬ 
tion with the atrial extrasystoles or lack of detection of the lower 
stroke volumes with extrasystoles by clinically applied Doppler 
devices. 

Tachyarrhythmias encountered before birth include supra¬ 
ventricular tachycardia (SVT), atrial flutter, junctional ectopic 
tachycardia, and ventricular tachycardia. Accurate delineation 
of the mechanism of the tachyarrhythmia is important in the 
management of affected pregnancies and counseling of the par¬ 
ents [61,64]. The relationship of the atrial and ventricular con¬ 
tractions, mode of onset and offset, and the atrial and ventricu¬ 
lar rates all provide clues to the diagnosis. The most common 
form of fetal tachycardia is that of SVT in which there is 1:1 
A-V contraction. SVT can be divided into short and long V- 
A types. With simultaneous Doppler interrogation of superior 
vena cava and ascending aortic flow, Fouron et al. showed that 
the relationship of the atrial and ventricular contractions can be 
demonstrated with measurement of A-V and V-A time intervals 
[64]. When the A-V interval is longer than the V-A interval, a 
short V-A SVT is present (Figure 44.21); whereas, a short A- 
V interval suggests the diagnosis of a long VA tachycardia. As 
is true after birth, short V-A SVTs include re-entrant tachycar¬ 
dias associated with an accessory AV pathway. Long V-A tachy¬ 
cardias include sinus tachycardia, ectopic atrial tachycardia and 
permanent junctional reciprocating tachycardia. In atrial flut¬ 
ter, the second most common fetal tachyarrhythmia, atrial rates 
may range from 350-500 bpm with usually variable AV conduc¬ 
tion (Figure 44.22). In both ventricular and junctional ectopic 
tachycardia, rapid ventricular rates often with lack of V-A syn¬ 
chrony suggest these diagnoses. In the absence of fetal ECG or 


fetal magnetocardiography, however, delineation between these 
two arrhythmias can be difficult. In any arrhythmia, exclusion of 
important structural and primary functional cardiac abnormal¬ 
ities is important for counseling regarding prognosis, and plan¬ 
ning treatment strategies and perinatal management. 

Fetal bradycardia is diagnosed when the ventricular rates are 
<110 bpm after 16 weeks. The most common cause is sinus 
bradycardia which may occur in a healthy fetus intermittently 
during an exam. Most fetuses will have rapid return of a nor¬ 
mal heart rate. Persistent fetal sinus bradycardia, however, could 
suggest more diffuse systemic disease and fetal distress. Persis¬ 
tent fetal bradycardia with ventricular rates of 35-120 bpm may 
also be caused by second- or third-degree AV block (AVB). AVB 
may be observed in the presence of structural heart disease (e.g., 
left atrial isomerism or polysplenia syndrome and lesions asso¬ 
ciated with L-ventricular looping) [86,87] or in isolation, which 
is largely the influence of maternal auto antibodies anti-Ro and 
anti-La [86,88]. With the development of normal AV time inter¬ 
vals in fetuses from 17 weeks to term using both PW and tissue 
Doppler techniques [125,126], even first-degree AV block can 
be diagnosed prenatally. Figure 44.23 demonstrates Doppler and 
M-mode examples of fetal AVB. 

Evolving and future directions in fetal 
echocardiography 

While there has been significant progress in fetal echocardiog¬ 
raphy over the past two to three decades, the future holds even 
more promise. Technological advances and ongoing experience 
will continue to enhance our ability to evaluate all forms of fetal 
heart disease, using a variety of techniques at increasingly earlier 
gestations. 
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Table 44.4 Cardiac causes of fetal heart failure 


Primary cardiac causes 

Myocardial disease 
Intrinsic 

Cardiomyopathies 
Autosomal recessive 
Autosomal dominant 
X-l inked 
Mitochondrial 
Aneuploidy 
Extrinsic 

Infectious - myocarditis 
Maternal anti-Ro/anti-La mediated 
Primary structural heart disease 
Severe AV valve insufficiency 
Ebstein's anomaly of the tricuspid valve 
Tricuspid valve dysplasias 
Severe aortic stenosis 
Severe pulmonary stenosis 
Atrioventricular septal defect 
Severe semilunar valve insufficiency 
Truncus arteriosus 

Tetralogy of Fallot/absent pulmonary valve syndrome 
Inflow obstruction 

Severe right heart obstruction with foramen ovale restriction 
Cardiac tumors 
Outflow obstruction 

Truncus arteriosus with truncal valve obstruction 
Severe pulmonary outflow obstruction* 

Severe aortic outflow obstruction* 

Ductus arteriosus constriction 
Cardiac tumors 
Other 

Ventricular aneurysm with biventricular dysfunction 
Arrhythmias 

Tachyarrhythmias 

Supraventricular tachycardia (incessant, <32 weeks, structural 
disease) 
atrial flutter 
AV accessory pathway 
long VA tachycardias 
junctional ectopic tachycardia 
Ventricular tachycardia 
Bradycardias 

Fetal AV block (structural heart disease, myocardial dysfunction) 

Secondary causes 

High-output states 
Anemia 

Acute twin-twin or fetal-maternal hemorrhage 
Arteriovenous malformations 
Agenesis of the ductus venosus 
Acardiac twin gestation 
High afterload 

Twin-twin transfusion syndrome 
Placental insufficiency 
Reduced preload 
Extracardiac/intrathoracic mass 
Congenital cystic adenomatous malformation 
Diaphragmatic hernia 
Cystic hygroma 
Pericardial effusion - teratoma 


First trimester fetal echocardiography 

Newer high frequency curvilinear probes, along with endovagi¬ 
nal ultrasound probes, are allowing for high-quality fetal 
echocardiography at earlier gestations. Endovaginal ultrasound 
transducers have been used in first trimester fetal imaging since 
the mid-to-late 1980s; however, very few centers have docu¬ 
mented their use in late first and early second trimester fetal 
echocardiography[6-12,127] (Figures 44.24 and 44.25; Video 
44.9). This has been in part due to the reluctance of fetal and 
pediatric cardiologists to use the technology. However, even 
transabdominal imaging of the fetal heart from 10-11 weeks has 
been shown to be successful in certain patients [6,7,116]. Color 
Doppler has contributed significantly to the definition of sys¬ 
temic venous and great artery anatomy as well as patency of ven¬ 
tricular inflows and outflows prior to 13 weeks [6,7,11,12]. 

Earlier diagnoses, while a natural evolution of fetal echocar¬ 
diography, are not without important limitations. Although fetal 
cardiac structure and function can be defined after 12 weeks 
gestation, the diminutive size of the fetal heart prior to 12 weeks 
often creates difficulty in demonstrating all cardiac structures. 
However, with the introduction of high-frequency linear and 
curvilinear probes (up to 9 Hz) combined with high-frequency 
endovaginal probes (up to 12 Hz), imaging of the fetal heart 
from 8 weeks GA has become possible in some patients [7]. 
Factors that influence the quality of imaging prior to 12 weeks 
include fetal position (depth from either the transabdominal or 
transvaginal probe) as well as maternal factors such as increased 
BMI and poor tissue characteristics. To gain satisfactory images, 
transvaginal imaging is currently needed in the majority prior to 
the 12th week gestation age [7-9]. 

Visualization of a 4-chambered heart as well as the outflow 
tracts (with the aid of color) is possible in more than 50% of 
patients from 8-11 weeks and in nearly all by 12 weeks [6, 
7,10,128]. While more significant cardiovascular pathology may 
be detected at these earlier gestational ages, the details obtained 
at 18-22 weeks are not as consistently possible [128]. As such, 
more subtle pathology and associated cardiovascular lesions can 
be missed [10,128]. Still, the details in diagnosis are not unlike 
those experienced in the earlier era of fetal echocardiography. 

In the future, referrals for first trimester echocardiography 
will only continue to increase as screening methods such as 
nuchal translucency come into widespread use worldwide, and 
as the genes responsible for the development of a spectrum 
of cardiovascular pathology are identified. Serial observations 
from the first and early second trimester will provide further 
insight into the evolution of fetal cardiovascular disease dur¬ 
ing this period of very rapid fetal cardiovascular and general 
somatic growth [129]. Furthermore, first trimester observations 
of fetal heart function will help us to better understand the role 
of myocardial function in the viability of pregnancies. 


* Usually with severe atrioventricular valve insufficiency or dysfunction of the 
contralateral ventricle (at times from compression). 


3D and 4D fetal echocardiography 

The use of high-resolution 3D and 4D fetal echocardiogra¬ 
phy is increasingly being used in fetal cardiology practice. 
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(e) 

Figure 44.19 Ebstein anomaly of the tricuspid valve with severe tricuspid regurgitation in a 33-week fetus, (a) Significant cardiomegaly in the 4-chamber 
view (b) Color Doppler confirms the presence of severe tricuspid insufficiency with failure of the leaflets to co-apt in systole (arrow). RA, right atrium. 

(c) Pulmonary regurgitation in systole (arrow), confirming patency of the pulmonary valve with retrograde ductus arteriosus flow, (d) Although the right 
ventricle (RV) cannot eject into the main pulmonary artery, the pressure generated (36 mmHg plus right atrial pressure) is very close to that of normal 
systemic systolic blood pressure and greater than half the systolic pulmonary pressure of a normal newborn, (e) Left ventricular (LV) inflow with 
dominant E wave (e) and prolonged IVRT. Ao, aorta; DA, ductus arteriosus; RA, right atrium; RV, right ventricle 
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Table 44.5 Fetal echocardiographic features of fetal arrhythmias 


Rhythm 

Atrial and ventricular 

rates 

Atrial and ventricular 

intervals 

Onset/offset 

Associated lesions 

Sinus rhythm 

120-160 bpm 

Normal A-V relationship 

Gradual 

Normal 

Premature atrial 
contraction (PAC) 

Variable 

Short A-A from sinus to PAC 

but normal A-A interval 

from PAC to next sinus beat 

Acute 

Cardiac tumors,atrial 
dilation, redundant 
septum primum 

Premature ventricular 
contraction(PVC) 

Variable 

Short V-V from preceding 
sinus beat to PVC 

Acute 

Cardiac tumors,myocardial 
disease, aneurysms, LAI 

Sinus tachycardia 

A and V rates 

170-210 bpm 

Long V-A relative to A-V 

Gradual with beat-beat 
variability 

Maternal thyrotoxicosis 

Ectopic atrial tachycardia 

A and V 

rates 170-240 bpm 

Long V-A relative to A-V 

Gradual with beat-beat 
variability 

Cardiac tumors, atrial 
dilation 

PJRT 

A and V rates 

220-230 bpm 

Long V-A relative to A-V 

Typically incessant 


SVT with VA accessory 
pathway 

A and V rates 

220-300 bpm 

Short V-A relative to A-V 

Acute onset without 
beat-beat variability 

Ebstein's anomaly 

Atrial flutter 

A-rates 300-500 bpm and 

Often 2:1 or 3:1 A-V 

Acute onset without atrial 

Cardiac tumors, atrial 


variable V-rates 

conduction 

beat-beat variability 

dilation 

Junctional tachycardia 

V-rates 180-270 bpm 

Usual V-A dissociation 

Gradual or acute 


Ventricular tachycardia 

V-rates 150-300 bpm 

Usually A-V dissociation, rarely 
V-A conduction 

Usually acute 

Cardiac tumors, maternal 
autoantibodies anti-Ro 

and anti-La 

Sinus bradycardia 

A and V rates <110 bpm 

Normal A-V relationship 

Gradual 

Fetal distress, umbilical 
cord compression 

Second-degree AVB 

A-rates 120-160 bpm 

V-rates 60-80 bpm 

A-V synchrony present with 
conducted beats; often 2:1 
A-V ratio 

Intermittent or incessant 

LAI, L-ventricular looping, 
maternal autoantibodies 
anti-Ro and anti-La, fetal 
cardiomyopathy with 

EFE 

Third-degree AVB 

A-rates 120-160 bpm 

V-rates 30-120 bpm 

A-V dissociation 

Usually incessant 

LAI, L-ventricular looping, 
maternal autoantibodies 
anti-Ro and anti-La, fetal 
cardiomyopathy with 

EFE 

A, atrial; AVB, atrioventricular block; bpm; beats per minute; EFE, endocardiofibroelastosis; LAI, left atrial isomerism or polysplenia syndrome; PJRT, 
permanent junctional reciprocating tachycardia; V, ventricular. 


Three-dimensional fetal echocardiography refers to the acqui¬ 
sition of a 3D block of data whilst 4D adds the element of time 
and hence motion. Like 3D echocardiography postnatally, it is 
essential to have a high-quality 2D image from which 3D and 
4D data are acquired. With the advent of specific 3D probes for 
obstetric imaging from multiple vendors, the process of acquir¬ 
ing a complete volume data set has become somewhat automated 
and possible with minimal additional training. Once a complete 
data volume has been acquired, extensive offline manipulation 
and analysis is possible. 

Spatiotemporal image correlation (STIC) imaging is a well- 
established method of 3D/4D image acquisition and process¬ 
ing [33,130]. Mostly through the use of specialized 3D obstet¬ 
ric probes, an automated volume is acquired by the transducer 
making a slow sweep of the fetal heart. Both the angle that is 
swept and the time of acquisition can be modified to enhance 


the image. High B-mode frame rates, up to 150 FPS, are achieved 
with this method (Falkensammer GE Healthcare 2005). Once 
the volume data set is collected the cardiac motion is instantly 
analyzed and the images are arranged to represent one cardiac 
cycle. The data can be reviewed or manipulated on the machine 
or alternatively offline. The data set can also be obtained with 
the addition of either standard color Doppler or power Doppler. 
Once collected, the 3D/4D data set can be extensively manipu¬ 
lated offline and can aid in the detection and assessment of fetal 
heart disease [130-132]. 

There are three commonly used modes to review the acquired 
3/4D volume [33,132]. Sectional or multiplane reconstruction 
(MPR) allows the data set to be manipulated in three orthogo¬ 
nal planes (Figure 44.26). This allows imaging planes not tradi¬ 
tionally possible with standard imaging to be displayed. Tomo¬ 
graphic ultrasound imaging (TUI) displays multiple image slices 
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Figure 44.20 Premature atrial beats (arrows) with atrioventricular (AV) block demonstrated by (a) simultaneous left ventricular (LV) inflow and outflow 
Doppler; (b) superior vena cava-aortic Doppler and (c) in a trigeminal pattern by M-mode. a, normal atrial systole; RA, right atrium; v, ventricular systole. 


either side of a selected image, somewhat akin to a CT set of 
images (Figures 44.27 and 44.28; Video 44.10). Any of the three 
orthogonal planes can be selected to be viewed and a single car¬ 
diac cycle can be viewed if 4D data has been obtained. Images 
incorporating slices starting from the 4-chamber view or sagittal 


aortic arch are commonly used. Multiple modifications to the 
image can be made, including altering the orientation in all 
three planes as well as varying the slice thickness to improve 
visualization of selected areas. Finally, surface rendering can 
allow viewing of any slice chosen from the MPR view with added 
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(b) 


Figure 44.21 Short V-A (ventriculo-atrial) tachyarrhythmia with rate 220 bpm in a 36-week fetus, (a) The superior vena cava-aortic Doppler 
demonstrates a longer A-V interval (filled line) relative to the V-A interval (dotted line), (b) M-mode shows 1:1 AV relationship, a, atrial systole; RA, right 
atrium; RV, right ventricle; v, ventricular systole. 


depth perception. For example, the AV valves can be viewed in 
short axis, with added depth aiding in the assessment of AV sep¬ 
tal defects. 

Using existing 3/4D ultrasound technologies, there are a 
number of more recently available techniques for assessment of 
ventricular volumes. Virtual Organ Computer-Aided Analysis 
(VOCAL) and Sonographic Automatic Volume Calculation 
(SonoAVC) are two examples [133,134]. These techniques can 
enable calculation of cardiac ventricular volumes and cardiac 
output using semi-automated methods. Early review of these 
newer techniques for assessment of fetal cardiac output shows 
less inter- and intraobserver variability than more traditional 
methods based of outflow Doppler[134]. 


There is much promise in the use of 3/4D fetal cardiac imag¬ 
ing. For the future, the hope is that these advanced techniques 
will reduce scanning times, increase the prenatal detection 
rate of congenital heart disease, reduce operator and window 
dependence as well as allows clinicians to review the informa¬ 
tion of patients who cannot be scanned locally. Future studies 
assessing the utility 3D/4D fetal echocardiography in detection 
of fetal heart disease during routine population screening will 
be essential. 

Earlier prenatal detection, further delineation of the evolution 
of fetal heart disease and its etiologies, and ongoing experi¬ 
ence should promote the development of more timely and effec¬ 
tive fetal cardiovascular interventions. Fetal echocardiography 
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Figure 44.22 M-mode echocardiogram obtained in a 32-week fetus with atrial flutter. Atrial contractions (arrows) occurred at a rate of 450 bpm and 
ventricular contractions (v) at a rate of 225 bpm, consistent with 2:1 A-V (atrioventricular) conduction. 


will play an increasingly more critical role in patient selection, 
planning of fetal cardiovascular and noncardiovascular inter¬ 
ventions, directing therapy and evaluating the success of the 
therapy (Figure 44.29). Fetal echocardiography, for instance, is 
currently being used to evaluate lung growth through the mea¬ 
surement of branch pulmonary artery diameters which corre¬ 
late with lung mass and PW Doppler interrogation of pulmonary 
arterial blood flow which reflects changes in pulmonary vascu¬ 
lar resistance [135]. With the evolution of less invasive strate¬ 
gies to promote lung growth in such conditions as diaphragmatic 
hernia, the additional parameters of pulmonary vascular growth 
and resistance will no doubt enhance patient selection and be 
used in determining the subsequent success. Fetal echocardio¬ 
graphy has already been employed in the evaluation and man¬ 
agement of fetal conditions with potential for fetal hydrops and 
during fetal procedures [136]. 

Finally, fetal echocardiography and the prenatal diagnosis of 
fetal heart disease significantly impacts the outcome of affected 
pregnancies in many ways. It has led to improved perinatal and 
neonatal outcome of critical neonatal heart disease and heart 
disease associated with cardiovascular compromise before birth 
[137-140]. It has provided insight into the spectrum of postna- 
tally encountered heart disease. Prenatal diagnosis of fetal heart 
disease provides time for the affected family to better understand 
and prepare for the delivery of their infant. Also importantly, it 
has begun to impact on the prevalence of more severe heart dis¬ 
ease after birth [141]. Unfortunately, however, the impact of fetal 
echocardiography and prenatal diagnosis is severely limited by 
the generally low rates of detection of fetal heart disease at rou¬ 
tine obstetric ultrasound [142-144]. This is despite the fact that 
the vast majority of major fetal heart disease is detectable before 


birth and that most pregnant women undergo at least one obstet¬ 
ric ultrasound at >16 weeks in the United States and most other 
countries internationally. For fetal echocardiography to reach its 
full potential, ongoing education and the development of either 
more objective screening tools for fetal heart disease and even 
greater regulation of the practices responsible for routine screen¬ 
ing are critical. 

Videos 

To access the videos for this chapter, please go to www.lai- 
echo.com. 

Video 44.1 Situs sweep and orientation. Initially the fetus is seen in 
its long axis with the transducer orientation groove oriented towards 
the fetal head. Fetal head is initially right of screen. The transducer 
is rotated 90° clockwise then showing the fetus in a transverse plane. 
With this maneuver, the fetal left will always be to the right of the 
screen at the end of the probe rotation. In this clip there is levo- 
cardia with a left-sided stomach. Even in this orientation sweep a 
4-chambered heart and a normal 3-vessel view is seen. 

Video 44.2 Four-chamber view sweeping to 3-vessel view. Normal 
fetal heart at 18 weeks starting with the 4-chambered view. The 
fetal left is to the right of the screen showing levocardia in this 
example. The transducer is tilted superiorly towards the fetal head 
showing the left ventricular outflow tract then right ventricular out¬ 
flow tract and finally finishing with the normal 3-vessel view (pul¬ 
monary artery, aorta and SVC from left to right of the fetal chest). 
A symmetrical 4-chambered heart is seen with atrioventricular and 
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(a) 



(b) 



Figure 44.23 Doppler and M-mode methods demonstrating varying degrees of atrioventricular block (AVB). (a) Superior vena cava-aortic Doppler in a 
fetus with first-degree AVB (1° AVB) (A-V time interval 280 ms) and occasional episodes of second-degree AVB (2° AVB). (b) Simultaneous azygous and 
descending aortic flows in a fetus with complete AVB associated with polysplenia and a ventricular rate of 30-40 bpm. (c) Complete AVB demonstrated by 
M-mode. a, atrial systole; v, ventricular systole. 


ventriculo-atrial concordance. On the initial image pulmonary 
veins are seen entering the left atrium. 

Video 44.3 Pulmonary veins with color Doppler. Normal fetal 
heart at 18 weeks shown in the 4-chambered view to show pul¬ 
monary venous drainage. A color box is placed over the left atrium 
and shows one left (blue) and one right (red) pulmonary vein enter¬ 
ing the left atrium. The pulsatile descending aorta is seen behind the 
left atrium and is spatially related to the left pulmonary artery. 

Video 44.4 Short-axis sweep of the fetal heart from apex to base. 
Normal fetal heart at 19 weeks sweeping from cardiac apex to base, 


from left to right in a sagittal plane. The different morphology of 
the left and right ventricles is well seen and the mitral valve en face 
is shown. The tri leaflet aortic valve is shown in its short axis. The 
final image shows the aortic arch with three distinct head and neck 
vessels arising from it. These images were obtained using a 9 MHz 
transducer. 

Video 44.5 Aortic arch 2D and color. Normal aortic arch in a 19- 
week fetus. The aortic arch is shown in the sagittal plane in 2D and 
with color Doppler. The aorta arises from the center of the fetal chest 
and has a “cane handle” appearance. The right pulmonary artery is 
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(c) 


Figure 44.24 Echocardiographic assessment (transabdominal) of a 12-week fetus with no heart disease, (a) Four-chamber view; (b) sweeping cranially to 
3-vessel view; (c) aortic arch, (d) Color Doppler confirms the presence of an intact inferior vena cava (I VC). Ao, aorta; LV, left ventricle; LA, left atrium; 
PA, main pulmonary artery; SVC, superior vena cava; L, left; R, right. 

seen in cross-section under the aortic arch and the ductus arteriosus 
is seen joining the aorta at the junction of the distal aortic arch and 
descending aorta. Also seen in this image is the inferior vena cava 
entering the right atrium. 

Video 44.6 Critical aortic stenosis. Significantly abnormal 4- 
chambered view in the setting of critical aortic stenosis. Normal 


cardiac connections. The left ventricle (LV) is severely dilated and 
has very reduced systolic function. There is evidence of endocar¬ 
dial fibro-elastosis, particularly affecting the LV apex and papillary 
muscles. The aortic valve is thickened and poorly opening. The 
right ventricle, near the top of the image, has preserved systolic 
function. 
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(0 (d) 

Figure 44.25 Transvaginal echocardiograms obtained in (a) an 11-week fetus with complete AVSD showing absence of the crux of the heart (arrow). 
Images (b-d) were also obtained by transvaginal echocardiography in a 14-week fetus with tetralogy of Fallot referred for increased nuchal translucency. 
(b) The sagittal view demonstrates the ventricular septal defect (arrow) and aortic override, (c) The 3 -vessel view shows a large and anterior aorta and a 
smaller main pulmonary artery (d) Patency of the pulmonary outflow tract was confirmed by color Doppler (arrow). Ao, aorta; PA, main pulmonary 
artery; St, stomach; SVC, superior vena cava; L, left; R, right. 


Video 44.7 Fetal cardiomyopathy. Abnormal 4-chambered view in 
the setting of fetal cardiomyopathy in a 22-week fetus. Normal car¬ 
diac connections and levocardia. There is significant biventricu¬ 
lar hypertrophy with a very reduced biventricular systolic function. 
A right-sided pleural effusion, likely indicating hydrops fetalis, is 
noted. 

Video 44.8 Ebsteins with severe tricuspid regurgitation. Severe 
Ebsteins anomaly of the tricuspid valve in a 33-week fetus. Severe 
tricuspid regurgitation and massively dilated right atrium. Due to 
displacement of the septal leaflet of the tricuspid valve the regur¬ 
gitant jet arises from near the RV apex. Left ventricular systolic 
function appears to be preserved at this time although there is mild 
mitral regurgitation (small red jet in diastole). 


Video 44.9 Normal heart at 12 weeks GA. Structurally normal 4- 
chambered heart in a 12-week fetus using transabdominal imaging 
(9 MHz linear probe). The sweep begins showing a symmetrical 4- 
chambered heart. Fetal left is to the right of the image showing lev¬ 
ocardia. The clip then sweeps cranially to first show the left out¬ 
flow tract (aorta) followed by the right outflow tract (pulmonary 
artery) that arises more anteriorly. Crossing of the great vessels is 
confirmed. There is qualitatively normal biventricular systolic func¬ 
tion. 

Video 44.10 Ventricular short-axis TUI. A 20-week fetus. Tomo¬ 
graphic ultrasound image (TUI) of the ventricular short axis 
acquired using gated STIC acquisition. One cardiac cycle is repre¬ 
sented. The left and right ventricles are seen in short axis from the 
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Figure 44.26 Multiplane reconstruction (MPR) image showing three orthogonal planes (4-chambered view, top left) acquired using spatiotemporal image 
correlation (STIC) technique from a 4-chambered view All three planes can be manipulated offline. 


cardiac apex (bottom right image) through to the base of the heart 
(top right image). The mitral valve and associate papillary muscles 
can be seen en face (center image). A trileaflet aortic valve is appre¬ 
ciated (top right image). 

Video 44.11 Balanced AVSD TUI. A 28-week fetus. Tomographic 
ultrasound image (TUI) oriented to a 4-chambered view and show¬ 
ing one complete cardiac cycle. A complete atrioventricular septal 
defect is seen with a large atrial and ventricular septal defect. The 
defect appears to be balanced with similar size left and right ven¬ 
tricles. Source: Dr Julia Solomon. Reproduced with permission of 
Dr. Solomon. 
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(a) 



Figure 44.27 Tomographic ultrasound 
imaging (TUI) acquired using 
spatiotemporal image correlation (STIC) 
technique, (a) Multiple slices showing from 
the 4-chambered view (bottom) through to 
3-vessel view and pulmonary arteries (top); 
(b) with addition of high-definition (HD) 
power Doppler (PD); (c) short-axis view of 
the heart from apex to base, including LV 
papillary muscles (arrows). Aortic arch in 
sagittal planes with HD PD showing 
coarctation (arrow). Ao, aorta; DA, ductus 
arteriosus; LV, left ventricle; PA, pulmonary 
artery; RPA, right pulmonary artery; RV, 
right ventricle; SVC, superior vena cava. 
Source (a): Dr. Julia Solomon. Reproduced 
with permission of Dr. Solomon. 
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(b) 


Figure 44.28 Tomographic ultrasound imaging (TUI) acquired using spatiotemporal image correlation (STIC) technique, (a) Sagittal section through the 
aortic arch with high-definition power Doppler showing coarctation (arrow) at the aortic isthmus, (b) Axial image oriented to the 4-chambered view 
showing a complete atrioventricular septal defect. The ventricles appear to be balanced. Source: Dr. Julia Solomon. Reproduced with permission of 
Dr. Solomon. 
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Figure 44.29 Balloon aortic valvuloplasty in a 27-week fetus with hydrops associated with critical aortic stenosis. The procedure is performed using a 
transuterine (maternal), transthoracic (fetal) approach following maternal laparotomy (a) The introducing needle (arrow) can be seen indenting the left 
ventricular (LV) apex, (b) With the needle in the LV cavity, a wire (arrow) is passed through the needle and across the aortic valve, (c) The balloon is 
positioned through the aortic valve (arrow) and expanded. LA, left atrium; LV, left ventricle. 
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CHAPTER 45 

The Echocardiographic Assessment of Pulmonary 
Arterial Hypertension 


Lindsay M. Ryerson and Jeffrey F. Smallhorn 

Division of Pediatric Cardiology, Stollery Childrens Hospital, Edmonton, AB, Canada 


Introduction 

Pulmonary endothelial dysfunction promotes a triad of vaso¬ 
constriction, cell proliferation and thrombosis through the 
action of mediators such as thromboxane A 2 , endothelin I and 
serotonin. Under normal circumstances these are counterbal¬ 
anced by prostacyclin, nitric oxide and vasoactive intestinal 
peptide. The end result is irreversible vascular changes with 
intimal fibrosis, pulmonary arteriolar occlusion, and plexiform 
lesions [1]. 

Definition of pulmonary arterial 
hypertension 

Pulmonary hypertension is defined as a resting mean pulmonary 
artery pressure >25 mmHg with a pulmonary arterial wedge 
pressure >15 mmHg [2]. Different classifications of pulmonary 
hypertension have been proposed, the most recent one being the 
Dana Point clinical classification (2008). In this approach, pul¬ 
monary arterial hypertension is divided into “idiopathic” when 
there is neither a family history nor an identifiable risk factor, 
“heritable” when PAH occurs in a familial context, “unknown,” 
“drug or toxin induced,” “associated with other diseases,” or 
“persistent pulmonary hypertension of the newborn” [3]. Unfor¬ 
tunately, this classification is not readily applicable to pediatric 
disease, as it does not recognize the potential importance of 
developmental mechanisms including fetal origins, perinatal 
events including the transition period, and early childhood 
development. A specific classification for pediatric pulmonary 
hypertensive disease has been developed and is based on clinical 
practice [4]. Idiopathic pulmonary hypertension is a rare disor¬ 
der in children. More commonly, secondary forms of pulmonary 
hypertension are diagnosed. Apart from the idiopathic group, 
pediatric patients with pulmonary hypertension represent a 
heterogeneous population, including: 


1 Congenital heart disease with an associated large ventricular 
septal defect and an unobstructed pulmonary outflow tract or 
large shunts at great vessel level, that is, patent ductus arterio¬ 
sus, aortopulmonary window and truncus arteriosus. 

2 Congenital pulmonary venous abnormalities - encountered 
either in the newborn period with total anomalous pul¬ 
monary venous drainage, or in the form of congenital pul¬ 
monary vein stenosis, either in isolation or associated with 
other forms of congenital heart disease. Rarely, pulmonary 
hypertension may be seen with partial anomalous pulmonary 
venous drainage, usually in association with Scimitar syn¬ 
drome and invariably associated with an intracardiac or 
extracardiac left-to-right shunt. Acquired pulmonary vein 
stenosis is most commonly seen post repair of total anomalous 
pulmonary venous drainage, particularly when there is an 
associated small pulmonary venous confluence or hypoplastic 
pulmonary veins. 

3 Absence of a mediastinal left or right pulmonary artery 
may be associated with pulmonary hypertension, particularly 
when the other lung is exposed to an intracardiac or extracar¬ 
diac shunt. In this setting the pulmonary arterial hypertension 
is often out of keeping with the magnitude of the left-to-right 
shunt. 

4 Pulmonary arterial hypertension may be secondary to upper 
airway obstruction in cases with Down syndrome, sleep 
apnea, and/or obesity. Also, interstitial fibrosis, bronchopul¬ 
monary dysplasia secondary to premature birth, diaphrag¬ 
matic hernia and chronic exposure to high altitudes may be 
associated with pulmonary arterial hypertension. 

5 Pulmonary arterial hypertension in the newborn period in the 
absence of associated structural heart disease. 

6 Less commonly encountered is pulmonary arterial hyper¬ 
tension secondary to systemic atrioventricular valve 
regurgitation, or left ventricular systolic and/or diastolic 
dysfunction. 
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7 Pulmonary arterial hypertension secondary to left-sided 
obstructive lesions such as coarctation of the aorta, cor tria- 
triatum, mitral stenosis, or relative hypoplasia of the systemic 
left ventricle is seen in the newborn period. 

8 Pulmonary embolic disease is uncommon in pediatrics, but 
may be encountered in infants with chronic venous lines. 
Other embolic sources, such as infected vegetations, or 
thrombi secondary to acute myeloid leukemia, may be rarely 
encountered. 

9 Residual pulmonary hypertension can be present after surgi¬ 
cal repair of congenital heart defects in the early or late post¬ 
operative period. 

Techniques and pitfalls of assessing the 
pediatric patient with suspected pulmonary 
arterial hypertension 

In the pediatric population the diagnosis of idiopathic pul¬ 
monary arterial hypertension is made only after an exhaustive 
search for an underlying associated defect. Therefore, the exclu¬ 
sion of an associated intracardiac or extracardiac shunt lesion 
is essential. Whereas an associated perimembranous ventricu¬ 
lar septal defect, atrial septal defect or patent ductus arterio¬ 
sus is rarely overlooked, this is not the case with an aortopul¬ 
monary window. Frequent “dropout” in the area where the aorta 
and pulmonary artery cross may give the impression of an aor¬ 
topulmonary window. However, inadequate interrogation of this 
region may result in the defect being missed, particularly in the 
child with a poor ultrasound window. As the majority of aor¬ 
topulmonary windows are large, color Doppler interrogation 
may not be of great value, particularly as the direction of flow is 
invariably at right angles to the Doppler beam. Moreover, early 
increase in pulmonary vascular resistance can limit the degree 
of left-to-right shunting and remove the secondary clues of left¬ 
sided chamber enlargement. Therefore attention should be paid 
to the right-sided structures, such as secondary dilation of the 
main pulmonary artery and right ventricle. 

A similar situation arises in cases where there is absence of 
a branch pulmonary artery and an associated intracardiac or 
extracardiac shunt, or in the setting of anomalous origin of a 
branch pulmonary artery from the aorta. In the latter case, the 
abnormally arising pulmonary artery may lie in close proximity 
to its counterpart, giving the impression that they are connected. 
It is therefore imperative to be sure that the branch pulmonary 
arteries and their origins are clearly defined. Also, when the 
mediastinal component of the right pulmonary artery is absent, 
there may be an echo-free space in its place that gives the appear¬ 
ance of the artery. In this setting, the clue is the absence of flow 
in this echo-free space. 

Doppler interrogation of the pulmonary veins is an important 
component of the evaluation of any new referral with suspected 
congenital heart disease, even more so in the patient with sus¬ 
pected pulmonary arterial hypertension. This is readily achieved 


with the use of color Doppler in the apical and subcostal coro¬ 
nal views, with supplementary interrogation from the supraster¬ 
nal coronal view in smaller patients. The normal pattern is that 
of low-velocity phasic flow [5-7], which is in marked contrast 
to an obstructive pattern of higher-velocity turbulent flow. It 
must be remembered that in some cases there is total occlu¬ 
sion of an extraparenchymal pulmonary vein, which is difficult 
to diagnose unless there is an excellent ultrasound window as 
seen in the newborn and small infant. Although the amount of 
pulmonary blood flow to the obstructed side of a pulmonary 
artery is reduced, it is usually still possible to detect the turbulent 
velocity pattern in the affected pulmonary vein. Interpretation 
of pulmonary venous velocity profiles may be difficult in cases 
with an associated large left-to-right shunt and associated mild 
pulmonary vein stenosis. In this setting, the left-to-right shunt 
increases the peak systolic and diastolic velocities, making inter¬ 
pretation difficult. It is therefore important for all such cases to 
undergo pulmonary vein interrogation after surgical repair, or 
following occlusion with an interventional device. Another area 
of confusion relates to the increased pulmonary venous Doppler 
velocity that is frequently observed in the left lower pulmonary 
vein. This profile is due to mild compression by the descending 
aorta (with a left aortic arch). 

Echocardiographic techniques to evaluate 
the pulmonary vascular bed 

Different echocardiographic techniques can be combined to 
assess right ventricular pressures and pulmonary arterial pres¬ 
sure. The techniques used may vary between different patients 
and is also determined by the underlying causes of elevated pul¬ 
monary arterial pressures. The techniques include: 

• Peak velocity of the tricuspid valve regurgitation jet to estimate 
RV systolic pressure and pulmonary artery systolic pressure. 

• End-diastolic Doppler velocity from the pulmonary regurgi¬ 
tant jet to estimate end-diastolic RV and PA pressure. 

• Indirect assessment of pulmonary arterial hypertension look¬ 
ing at septal curvature. 

• If ventricular septal defect is present the systolic Doppler gra¬ 
dient between the left and right ventricle can be measured 
and based on this difference the RV systolic pressure can 
be estimated. In the absence of associated right ventricular 
outflow tract obstruction this reflects systolic PA pressure. 
The same principle can be used in case of a patent arterial 
duct or systemic-to-pulmonary artery shunts. Doppler assess¬ 
ment can be performed for the assessment of systolic, diastolic 
and mean pulmonary artery pressure. Measurements of pul¬ 
monary capacitance and compliance can be made by combin¬ 
ing Doppler interrogation techniques. 

Tricuspid valve regurgitation 

Tricuspid valve regurgitation provides the most consistent 
means for measuring right ventricular and pulmonary artery 
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Figure 45.1 Doppler trace of tricuspid valve regurgitation indicating 
elevated right ventricular pressure. 


systolic pressure, in the absence of right ventricular outflow tract 
obstruction [8]. To achieve this, an adequate spectral Doppler 
trace is essential to avoid underestimation of the maximum 
Doppler gradient. Color Doppler is helpful in ensuring that 
the Doppler interrogation is parallel to the regurgitant jet. It 
is important to interrogate the regurgitant jet from multiple 
views to ensure that the maximum velocity has been recorded 
(Figure 45.1). Also, in patients with a ventricular septal defect 
a left ventricle-to-right atrial shunt may contaminate the tri¬ 
cuspid regurgitant jet, which can result in erroneous RV pres¬ 
sure estimation. To estimate systolic right ventricular pressure 
(RVSP) based on the tricuspid regurgitant jet, determination of 
right atrial pressure (RAP) is necessary as RVSP = 4(peak TR 
velocity) 2 + RAP. In the absence of an absolute RA pressure mea¬ 
surement, an indirect assessment of RA pressure can be per¬ 
formed by cross-sectional imaging of the inferior vena cava. In 
general, if the right atrial pressure is less than 10 mmHg, the infe¬ 
rior vena cava should collapse during inspiration by more than 
50% [9]. If this respiratory size variability cannot be detected this 
indicates that the RA pressure is greater than 10 mmHg. If the 
inferior vena cava is also dilated then the RA pressure probably 
exceeds 20 mmHg. This technique cannot be used if a patient is 
intubated and receives positive-pressure ventilation. 

Pulmonary regurgitation for pulmonary artery 
end-diastolic pressure 

Physiologic pulmonary regurgitation is present in a large num¬ 
ber of normal individuals and the end-diastolic velocity of the 
Doppler signal obtained from the regurgitant jet can be used 
as an estimate of end-diastolic pulmonary artery pressure. As 
with tricuspid valve regurgitation, it can be difficult to obtain a 



Figure 45.2 Pulmonary regurgitation Doppler trace in a patient with 
pulmonary hypertension. Note the peak Doppler velocity is 71 mmHg, 
with an associated high end-diastolic velocity. 


reliable measurement. The Doppler acquisition needs to be 
aligned parallel to the angle of the regurgitant jet. This is usu¬ 
ally possible, as the majority of jets are central and not entrained 
(Figure 45.2). When the signal is weak, it may be difficult to 
accurately measure the end-diastolic velocity. To overcome this 
limitation, the signal may be enhanced with the use of con¬ 
trast agents and in one series an enhancement of weak signals 
could be obtained in 96% of cases [10]. For the estimation of 
end-diastolic pulmonary artery pressure, an indirect measure of 
right atrial pressure can be used as a surrogate for end-diastolic 
RV pressure. Apart from the end-diastolic velocity, it has been 
shown that there is a good correlation between invasive mean 
pulmonary artery pressure and the peak early diastolic velocity 
as measured from the pulmonary regurgitation Doppler signal 
[11]. This is a fortuitous relationship, as mean pulmonary artery 
pressure is a calculation, rather than a real physiologic event. 
This measurement is of value, as mean pulmonary artery pres¬ 
sure is an important component of calculated pulmonary vascu¬ 
lar resistance. 

Based on an excellent linear relationship between invasively 
measured systolic, diastolic and mean pulmonary artery pres¬ 
sures, it has been possible to reliably estimate mean and diastolic 
pulmonary artery pressure from tricuspid regurgitant Doppler 
echocardiography [12]. Using a regression equation, diastolic 
pulmonary artery (PA) pressure can be measured from the peak 
tricuspid regurgitant jet using the following formula: 

PA diastolic pressure = 0.49 X PA systolic pressure 
(from peak TR gradient). 

Interventricular septal shape 

If direct pulmonary artery assessment is not possible, indirect 
clues can be used for the estimation of RV pressure. Elevation 
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Figure 45.3 Montage from a case with 
pulmonary hypertension and systemic right 
ventricular pressure. Note the flat 
interventricular septum, as seen in systole. 

The right-hand panel shows dilation of the 
right ventricle. LV, left ventricle; RV, right 
ventricle. 

of RV pressures affects RV size and thickness. Acute increase in 
RV pressure results in RV dilation as a compensatory mecha¬ 
nism to maintain RV output. Chronic increase in RV pressure 
causes RV remodeling with variable degrees of RV hypertrophy 
and dilation. Increased RV pressure typically affects interven¬ 
tricular interaction as reflected by the position of the interven¬ 
tricular septum. RV dilation causes flattening of the interven¬ 
tricular septal shape in diastole while elevated RV pressure also 
causes flattening of the septum in systole and eventually it can 
bulge into the LV cavity. Typically systolic flattening of the inter¬ 
ventricular septum and D-shaping of the LV can be used as indi¬ 
cators for elevation of RV pressures (Figure 45.3) but obviously 
this does not yield absolute values. 

Systolic time intervals 

Time intervals can also be used as indirect techniques for the 
assessment of pulmonary artery pressure [13]. Most of the stud¬ 
ies validating this methodology have been performed in adults, 
with slower and less variable heart rates. Almost every time 
interval is intrinsically influenced by heart rate which is prob¬ 
lematic in the pediatric population. Different time intervals can 
be measured: 

Pre-ejection period (PEEP) is measured from the onset of 
the “q” wave to the onset of the pulmonary artery systolic for¬ 
ward flow. The duration of PEEP is directly related to the pul¬ 
monary artery pressure and pulmonary arterial impedance but 
is inversely proportional to RV contractile function. 

Pulmonary ejection time (ET) measures the duration of pul¬ 
monary forward flow during systole. As is PEEP, this is heart rate 
dependent. At a given heart rate, ejection time is directly related 
to stroke volume and inversely related to contractility. 

Acceleration time (AT) is measured as the time interval from 
the onset to the peak of ejection. AT is directly related to RV 
systolic function, and is inversely related to pulmonary artery 
pressure and pulmonary vascular resistance. If AT is <100 ms, 
this suggests the presence of pulmonary arterial hypertension. 

All of these parameters, namely PEEP, ET, and AT, assess 
the interaction between pressure and flow. Despite an overall 
good correlation in adult studies, there has been a considerable 


scatter when comparing individual values. In an attempt to over¬ 
come this limitation it has been suggested that the relationship 
between the pulmonary and systemic measurements be used, 
which takes into account the interaction between the two cir¬ 
culations [14]. 

Tricuspid and pulmonary valve time intervals 

The time interval between pulmonary valve closure and tricus¬ 
pid valve opening can also be used to indirectly assess systolic 
right ventricular pressure [15-17]. This period corresponds to 
the isovolumic relaxation period but in most patients this is 
not truly isovolumic as tricuspid regurgitation is present in the 
majority of patients. As pulmonary artery pressure increases this 
time period becomes longer. A similar technique can be used 
in cases where the duration of the tricuspid regurgitant (TR) 
jet can be measured, but not the peak. In cases with pulmonary 
hypertension and good systolic right ventricular function, there 
is a strong correlation between the time between pulmonary 
valve closure and the end of the tricuspid regurgitant jet and the 
right ventricular systolic pressure. As with most interval mea¬ 
surements this would be affected by heart rates that lie outside 
the normal range. Indeed, in the adult study that reported this 
technique, the heart rates were between 70 and 110 bpm [15]. 
Of note, this correlation did not appear to hold in cases with 
cardiomyopathy [15]. Using a similar technique, another group 
overcame this problem in patients with heart failure, by using 
the relationship between pulmonary valve opening and tricus¬ 
pid regurgitation to assess pulmonary artery diastolic pressure 
[18]. This was achieved by measuring the time between the R 
wave on the electrocardiogram (ECG) and the opening of the 
pulmonary valve and superimposing this on the tricuspid regur¬ 
gitant velocity profile. Measurement of the tricuspid regurgitant 
velocity at the time of pulmonary valve opening has been shown 
to correlate with the pulmonary artery diastolic pressure. 

Ventricular septal defect and right ventricular 
systolic pressure measurement 

Ventricular septal defects (VSDs) provide a window to the 
pulmonary vascular bed, either in the presence or absence of 
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Figure 45.4 Ventricular septal defect with 
tricuspid valve regurgitation and an 
obligatory left ventricle (LV)-to-right atrium 
(RA) shunt, as indicated by the arrow in the 
right-hand panel. The asterisk represents the 
tricuspid regurgitant jet. LA, left atrium; RV, 
right ventricle. 


associated pulmonary outflow tract obstruction. Continuous- 
wave (CW) Doppler techniques have been shown to provide an 
accurate assessment of right ventricular and systolic pulmonary 
artery pressures. Certain technical and theoretical considera¬ 
tions must be appreciated when using this approach. Maintain¬ 
ing a parallel angle between the VSD jet and Doppler beam is 
important to prevent underestimation of the true pressure drop. 
This is aided by using color Doppler and multiple views to obtain 
the maximum velocity. Although this is possible in the major¬ 
ity of cases, it can be somewhat challenging in those with a per- 
imembranous inlet defect, where the color jet skirts the under¬ 
surface of the tricuspid valve in a lateral direction. Likewise, in 
a perimembranous inlet VSD there may be an associated oblig¬ 
atory left ventricular-to-right atrial shunt that contaminates the 
continuous-wave signal (Figure 45.4). 

Although the correlation between Doppler assessment and 
absolute pressure differences between a fluid-filled catheter in 
the left and right ventricles has been very satisfactory in mod¬ 
erately sized defects, this has not been the case when the defect 
is small [19,20]. In this setting, there may be an underestima¬ 
tion of the true pressure drop between the left and right ventri¬ 
cles due to jets that are often at a large angle with the Doppler 
beam. Also, in small defects the maximum velocity can overes¬ 
timate the true pressure drop across the VSD. Large VSDs with 
increased right ventricular and pulmonary artery pressures pose 
another problem. Some authors have reported an overestima¬ 
tion of the actual measured pressure drop across the VSD in 
this setting. It has been suggested that the proximal velocity be 
taken into consideration using the formula pressure gradient, 
4(V 2 ~ V x ) 2 , to measure the absolute pressure drop across 
a large defect (V 2 is the velocity distal to and V l proximal 
to the obstruction). Moreover, it must be remembered that 
Doppler provides true peak instantaneous pressure gradients, 
whereas hemodynamic measurements represent peak-to-peak 
differences between the right and left ventricles. The contraction 
of the left and right ventricles also occurs at a slightly different 
time, which is exacerbated when there is complete right bundle 
branch block (Figure 45.5). 



Figure 45.5 Doppler traces from an anterior ventricular septal defect. Note 
that the tricuspid valve regurgitation jet demonstrates a right ventricular 
(RV) pressure of 81 mmHg + right atrial pressure (RAP), whereas there is a 
70 mmHg pressure drop across the ventricular septal defect. Note there is 
complete right bundle branch block, which probably accounts for the 
difference. In this case there was no obligatory left ventricle-to-right atrium 
shunt. 
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When using this technique to predict systolic right ventricu¬ 
lar or pulmonary artery pressure an accurate systolic blood pres¬ 
sure measurement is also necessary The pressure drop across the 
defect is then subtracted from the systolic blood pressure to pro¬ 
vide an absolute value. Although this works in practice, it must 
be remembered that distal peripheral systolic blood pressure is 
higher than that measured centrally. Muscular VSDs frequently 
pose a challenge, as it may be difficult to obtain a Doppler beam 
parallel to the jet, resulting in underestimation. Also, muscular 
defects are frequently long and irregular, making measurements 
potentially inaccurate. Unlike perimembranous and subarterial 
defects, where the diameter remains fairly constant throughout 
systole, those in the muscular septum frequently become smaller 
throughout the cardiac cycle, which will affect the velocity mea¬ 
surements. 

In the presence of a VSD and associated right ventricular out¬ 
flow tract obstruction, a combination of the systolic blood pres¬ 
sure and velocity across the VSD and right ventricular outflow 
tract permits an assessment of systolic pulmonary artery pres¬ 
sure. This is of particular importance in those cases where it 
is felt appropriate to delay complete repair beyond the first 6 
months of life. When the VSD is restrictive, it is sometimes dif¬ 
ficult to separate a left-to-right jet directed toward the right ven¬ 
tricular outflow tract, from that across the obstruction, particu¬ 
larly when imaging from the precordium. If the child is young 
enough, a right anterior oblique view may help in separating 
the two jets, permitting a parallel angle between the Doppler 


beam and the right ventricular outflow tract. In the presence of 
tetralogy of Fallot with a long tunnel-like obstruction, there may 
be a problem with either overestimating the true pressure drop, 
or underestimating it if there is significantly reduced pulmonary 
blood flow. 

Patent arterial duct and pulmonary artery 
pressure measurement 

The patent arterial duct provides a valuable method for mea¬ 
suring pulmonary artery pressure, particularly in the younger 
patient where it is more likely to be encountered. Simultaneous 
hemodynamic and Doppler measurements have demonstrated 
that this is one of the few techniques that provide a measure¬ 
ment of mean pulmonary artery pressure [21] (Figure 45.6). As 
a result of jet entrainment, the majority of ductal left-to-right 
shunting hugs the anterior wall of the main pulmonary artery, 
providing a parallel angle for Doppler interrogation. If the mean 
and systolic blood pressures are obtained, then mean and systolic 
pulmonary artery pressures can be measured by subtracting the 
mean and peak pressure drop across the patent arterial duct from 
these measurements of blood pressure. The mean Doppler gra¬ 
dient across the patent arterial duct is obtained by planimetry of 
the spectral recording between two R-R intervals (Figure 45.7). 
This technique may not be applicable in several settings. Firstly, 
if the jet is very eccentric then parallel interrogation is diffi¬ 
cult, resulting in an underestimation of the true pressure drop 
across the patent arterial duct. Secondly, if the patent arterial 


Figure 45.6 Demonstration of the use of the 
patent ductus arteriosus in the evaluation of 
pulmonary artery reactivity. The right-hand 
panel shows the drop in pulmonary artery 
pressure following the administration of 
oxygen. 
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Figure 45.7 Doppler echocardiogram of a 
patent arterial duct. Note in the left-hand 
picture the entrainment of the jet toward the 
anterior wall of the main pulmonary artery 
The right-hand panel demonstrates the 
calculation of mean and peak pulmonary 
systolic artery pressures. 


duct is very small only abbreviated left-to-right shunting can be 
detected making measurements unreliable. Thirdly, if the patent 
arterial duct is tortuous, as seen in cases with severe right ven¬ 
tricular outflow tract obstruction, then parallel Doppler interro¬ 
gation is difficult. 

In cases with bidirectional shunting across the patent duc¬ 
tus arteriosus there is usually left-to-right shunting in diastole, 
with right-to-left in systole, making planimetry difficult. The 
presence of bidirectional shunting indicates a high pulmonary 
artery pressure and, more importantly, the duration of right-to- 
left shunting provides important insight into the pulmonary vas¬ 
cular bed. In general, a greater degree of right-to-left shunting 
in systole and into diastole indicates suprasystemic pulmonary 
artery pressure. This observation is seen more frequently in cases 
with pulmonary hypertension in the newborn period with a nor¬ 
mal heart [22], hypoplastic left heart syndrome and a restric¬ 
tive atrial septal defect or obstructed total anomalous pulmonary 
venous drainage. 

Measurement of pulmonary artery pressure from 
systemic-to-pulmonary artery shunts 

Another technique for assessing pulmonary artery pressure has 
been the use of Doppler gradients across systemic-to-pulmonary 
artery shunts, which are still a common occurrence in the small 
child with congenital heart disease. Although this is relatively 
simple to do, its validity has been questioned using the simplified 
modified Bernoulli equation [23]. 

Measurements of pulmonary artery capacitance 
by Doppler 

Background 

Pulmonary vascular resistance is the resistance in the small ves¬ 
sels and the pulmonary vascular cross-sectional area, but does 
not account for the large and medium vessels, nor the pulsatile 
elements in the pulmonary circulation. Pulmonary vascular 
capacitance is a measure of workload on the right ventricle. 


When the capacitance is low all of the forward blood goes to 
the peripheral vessels, whereas when it is high the blood is 
initially stored in the large-capacitance vessels, which decreases 
the load on the heart. A wide pulse pressure, seen in those with 
low capacitance is a known risk factor on the left side of the 
heart [24]. The workload on a pump is proportional to forward 
output and the impedance of the vascular bed. Impedance is 
proportional to resistance and inversely proportional to capaci¬ 
tance. Pulmonary compliance represents the stretch of the vessel 
walls and how much they will increase in volume for a given 
pressure. 

Pulmonary vascular capacitance measures how much the 
vascular tree dilates with each contraction of the right ventricle. 
Therefore, capacitance = stroke volume (mL)/pulse pressure 
(mmHg). By echocardiography the stroke volume can be 
calculated from the left or right ventricular outflow tracts, for 
example: 

right ventricular stroke volume (mL) 

= pulmonary valve diameter (cm/2) 2 x n X VT I (cm) 

(VTI stands for velocity time integral). The pulse pressure is the 
peak systolic gradient from tricuspid valve regurgitation (TR) 
minus the end-diastolic pressure from pulmonary regurgitation 
(PR), that is: 

SV (mL)/4 X (TR 2 - PR 2 ) 

(SV stands for stroke volume). This noninvasive measurement 
of pulmonary vascular capacitance was found to be the best 
predictor of adverse events in a group of adults with pulmonary 
hypertension, with a risk ratio of 3:1 [24]. This measurement 
also was a better predictor of adverse events than systolic, 
diastolic and mean pulmonary artery pressures; however, in 
a multivariate model pulmonary vascular resistance added to 
prognostic value. The measurement of pulmonary vascular 
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capacitance is probably a strong predictor of adverse events, as 
it takes into consideration the load on the right side of the heart 
and the status of the lung parenchyma. To measure pulmonary 
vascular capacitance it is necessary to have a measurement of 
pulmonary diastolic pressure from pulmonary regurgitation. 
As not all patients have pulmonary valve regurgitation, other 
authors have used data derived from invasive techniques. This 
is based on the relationship between pulmonary artery diastolic 
and systolic pressures [25]: 

pulmonary artery diastolic pressure 

= 0.49 X pulmonary artery systolic pressure. 

Pulmonary arterial compliance and Doppler 

Pulmonary vascular resistance is a steady-state parameter and 
measures opposition to continuous flow. However, this ignores 
the very nature of pulmonary flow, which is pulsatile in nature. 
Flow into the pulmonary vascular bed requires a coordinated 
effort from the right ventricular pump in systole and the 
pulmonary vascular bed in diastole. In an attempt to measure 
this variation throughout the cardiac cycle, a combination 
of change in pulmonary artery wall diameter throughout the 
cardiac cycle using color M-mode Doppler tissue imaging, 
coupled with systolic pressure as measured from tricuspid valve 
regurgitation, has been used [26]. Color M-mode Doppler 
tissue imaging has high spatial (1.6-1.9 mm) and temporal res¬ 
olution (5 ms) and overcomes some of the limitations of other 
techniques used to detect instantaneous changes in the vessel 
diameter over time. There appears to be a very good correlation 
between the changes in diameter of the pulmonary artery 
as measured by this technique compared with intravascular 
ultrasound: 

compliance (dynes) = [(D(s) - D(d))/(D(d) X P(s))] X 10 4 

where D(s) = systolic diameter, D(d) = diastolic diameter, and 
P(s) = systolic pressure. 

This technique may play a role in evaluating treatment regi¬ 
mens for pulmonary hypertension. For example, increased pul¬ 
monary artery pressure may produce a stiffer vessel on the basis 
of the strain-stiffness effect, rather than being secondary to 
abnormalities of the vessel wall. With vasodilator therapy, if it is 
a strain-stiffness effect then the response to treatment will be dif¬ 
ferent than if there is a true abnormality in the vessel wall. In one 
study it was found that a >40% change in right pulmonary artery 
diameter per 100 mmHg was consistent with a compliant vessel, 
whereas a value of <40% indicated a stiffer vessel [26]. This tech¬ 
nique is not applicable if there is significant pulmonary regurgi¬ 
tation. Of note, the authors commented that the 40% cutoff value 
may change through further studies in which a wider variation of 
pressures could be assessed. Also, the technique required further 
validation through challenging with high pressure-high flow and 
high pressure-low flow situations. 


The impact of pulmonary arterial 
hypertension on the right ventricle 

The ability of the right ventricle to function under increased 
afterload is an important determinant of illness severity. Right 
ventricular dysfunction is a powerful predictor of adverse out¬ 
comes. Additionally, right ventricular dilation and dysfunction 
may impair left ventricular function due to ventricular inter¬ 
dependence. Adult patients with a right ventricular diameter 
>36.5 mm had an increased death rate compared to patients 
with a right ventricular diameter <36.5 mm. However, patients 
with a right ventricular diameter >36.5 mm associated with a 
right ventricular wall thickness >6.6 mm was not associated with 
a poorer prognosis suggesting that the accompanied hypertro¬ 
phy decreased the abnormally high right ventricular wall tension 
[27]. Unfortunately, the complex geometry of the right ventricle 
makes it unsuitable for geometric measurements of ventricular 
function. As a result, other echocardiographic predictors of right 
ventricular function have been evaluated. 

Tricuspid annular plane systolic excursion 
(TAPSE) 

TAPSE is the systolic excursion of the tricuspid annulus mea¬ 
sured by M-mode through the tricuspid annulus. It reflects lon¬ 
gitudinal function of the RV free wall and is an indirect mea¬ 
surement of right ventricular function. TAPSE is reproducible 
and easy to obtain regardless of heart rate. Normal values for 
children have been published. TAPSE is a highly sensitive and 
specific indicator of depressed right ventricular stroke volume 
index and cardiac index (measured by cardiac catheterization) at 
a cutoff of 1.8 cm in adult pulmonary hypertension patients [28]. 
For the pulmonary arterial hypertension cohort, patients with 
TAPSE <1.8 cm had significantly shorter survival than patients 
with TAPSE >1.8 cm. Another study examining the prognostic 
value of right ventricular function indices found that patients 
with TAPSE <15 mm combined with a diastolic left ventricu¬ 
lar eccentricity index >1.7 had the highest event rate includ¬ 
ing death and emergency lung transplantation [29]. There has 
been minimal evaluation of TAPSE in the pediatric population. 
Pediatric patients with pulmonary hypertension had decreased 
TAPSE values compared to normal controls, but there was no 
correlation with outcomes [30]. 

Myocardial performance index (Tei index) 

The Tei index, which measures global ventricular function, has 
been used to assess the impact of increased pulmonary artery 
pressure in a pediatric population [31]. It is defined as the (isovo- 
lumic relaxation time + isovolumic contraction time)/ejection 
time. Its relative independence of heart rate makes it theoret¬ 
ically attractive in the pediatric population. It has been used 
to assess the response to pulmonary vasodilator therapy both 
in children and adults. Compared with controls, the right ven¬ 
tricular Tei index was higher in those with pulmonary arterial 
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hypertension, with a reduction in the value following a fall in 
pulmonary artery pressure [32]. The Tei index is not an index 
of RV contractility or intrinsic RV systolic function. In animal 
experiments it has been demonstrated to be very sensitive to 
acute changes in afterload [33]. It probably reflects ventricular- 
vascular interactions which explains why it has been shown to 
be a predictor of outcome in adults with pulmonary hyperten¬ 
sion [24]. One of the major difficulties using the Tei index in the 
RV is its poor reproducibility. It is based on measuring multi¬ 
ple timing intervals obtained on two different Doppler signals 
(pulmonary outflow and tricuspid inflow). 

The use of tissue Doppler and strain imaging in 
pulmonary hypertension 

Tissue Doppler imaging (TDI) allows quantitative assessment 
of right ventricular systolic and diastolic function by means 
of measurement of myocardial velocities. Tricuspid annular 
tissue Doppler velocities represent RV longitudinal function. 
Systolic velocities are afterload and preload dependent, which 
makes their interpretation difficult. In children the velocities 
change with age and are influenced by growth. Finally they 
should be considered as a regional parameter of RV function. 
Tricuspid annular TDI has been used to assess the Tei index 
in combination with peak early mitral inflow velocity to cal¬ 
culate an M-index (mitral inflow velocity/Tei) in patients with 
idiopathic and secondary pulmonary arterial hypertension 
due to pulmonary emboli [34]. Those with an embolus had a 
lower M-index compared with controls or those with primary 
pulmonary hypertension. By combining the tissue Doppler- 
derived Tei index with mitral inflow velocity there was a better 
receiver-operator curve than with the Tei index alone. The 
advantage of tissue Doppler Tei index measurements is that is 
easier and more reproducible compared to blood pool Doppler 
methods. 

Another way to measure RV longitudinal function is by mea¬ 
suring RV longitudinal strain and strain rate. This can be done by 
using tissue Doppler-derived methods but more commonly by 
speckle-tracking echocardiography. This has been used in adult 
patients with pulmonary hypertension [35] and there appears to 
be a good correlation between 2D RV longitudinal strain and 
strain rate and pulmonary artery pressure and RV ejection frac¬ 
tion. The inter- and intra-observer variability for 2D strain is 
acceptable. The methodology has been applied to patients with 
pulmonary arterial hypertension who were shown to have lower 
longitudinal right ventricular free wall strain compared to nor¬ 
mal controls [36]. Moreover reduced strain and SR values were 
detected in patients with normal Tei index, TAPSE and right 
ventricular fractional area change. 

These techniques have also been used before and after treat¬ 
ment with the pulmonary vasodilators [37]. In this study the 
basal segment of the right ventricle had a strain of -8.8 ±4.1 
prior to treatment, compared with a normal value of -24.3 ±4.7 
(p < 0.001). After treatment, the RV basal strain increased to 


-13.3 ± 6.2 (p < 0.001). There was a weaker correlation with 
tissue Doppler-derived strain in the same segment (p < 0.2), 
and also a weak correlation with isovolumic acceleration, pre- 
and post-treatment (p < 0.2). The Tei index was also evaluated, 
and in a similar fashion to tissue Doppler had a weaker correla¬ 
tion with treatment of the pulmonary hypertension. There was 
a significant drop in pulmonary vascular resistance (p < 0.001) 
with an increase in the 6-minute walk (p < 0.002) pre- and 
post-treatment. Two-dimensional strain (p < 0.03) and tricus¬ 
pid annular excursion (p < 0.02) had a weak correlation with 
the 6-minute walk. Finally, in a study involving 80 adult patients 
with PAH, average right ventricular longitudinal free wall strain 
independently predicted right-sided heart failure, clinical dete¬ 
rioration, and mortality [38]. 

Pericardial effusion 

In a prospective, echocardiography study of 82 adult patients 
with PAH, the presence of a pericardial effusion was significantly 
associated with mortality. In multivariable analyses, pericardial 
effusion and an enlarged right atrial indexed area remained pre¬ 
dictors of adverse outcomes including mortality [39]. The pres¬ 
ence of a pericardial effusion was an independent predictor of 
mortality in the recent, large REVEAL registry [40]. 

The impact of pulmonary hypertension on 
the left ventricle 

Left-right ventricular interaction in patients with pulmonary 
hypertension with an intact ventricular septum may result in 
an abnormal left ventricular diastolic inflow pattern. This was 
initially felt to be related to abnormal diastolic function, but 
more recently has been attributed to altered left ventricular 
preload. This latter view has been supported by alterations in the 
mitral E/A pattern, pulmonary venous flow and mitral annu¬ 
lar tissue Doppler [41]. In this study, an observed increase in 
the mitral E/A ratio and pulmonary venous Doppler veloc¬ 
ity, with relatively normal mitral tissue Doppler parameters, 
was observed post-thromboendarterectomy in adults with sec¬ 
ondary pulmonary arterial hypertension and preserved right 
ventricular systolic function. A similar finding of decreased left 
ventricular filling rate and stroke volume has also been observed 
by magnetic resonance imaging (MRI) in adults with primary 
pulmonary hypertension [42]. The role of pericardial constraint, 
as a cause for abnormal left-right ventricular interaction in 
pulmonary arterial hypertension, is somewhat controversial. In 
an acute model of pulmonary hypertension secondary to pul¬ 
monary embolus, the observed decrease in left ventricular stroke 
volume can be reversed by opening the pericardium. However, 
in a similar chronic model this increase has not been observed, 
thus questioning the role of pericardial constraint. 
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APPENDIX 


Normal Echocardiographic Values for 
Cardiovascular Structures 


Steven D. Colan 

Department of Pediatrics, Harvard Medical School; Department of Cardiology, Boston Childrens Hospital, Boston, MA, USA 


The normal population on which these measurements are 
based and the methods of derivation of the regression equations 
and confidence intervals are described in Chapter 5 and in 
Sluysmans and Colan [1]. 

M-mode methods. The methods used in the recording 
and measurement of the M-mode normative data for the left 
ventricle (LV) that are presented in Figures A.1-A.6 and the 
calculation of the derived values of percent fractional shortening 
(Figure A.7), and rate-corrected velocity of circumferential fiber 
shortening (Figure A.8) are presented in detail in [2]. 

Two-dimensional (2D) dimension data. The methods used in 
the recording and measurement of the 2D normative data for the 
LV that are presented in Figures A.9-A.14 and the calculation 
of the derived values of percent fractional shortening (Fig¬ 
ure A. 15), and rate-corrected velocity of circumferential fiber 
shortening (Figure A. 16) are described in [3]. 

Vascular and valvar dimensions and areas. The dimensions 
of all vascular and valvar structures (Figures A. 17-A.35) were 
measured from inner surface to inner surface at the moment 
of maximal expansion during the cardiac cycle (mid-systole for 
arterial measurements and early diastole for atrioventricular 
valve annuli). 


LV mass and volume measurements. The end-diastolic 
endocardial and epicardial, and the end-systolic endocardial 
short-axis cross-sectional area of the LV were measured from 
parasternal short-axis images. The end-diastolic endocardial 
(Figure A.36) and epicardial, and the end-systolic (Figure A.37) 
endocardial long-axis lengths of the LV were measured on 
4-chamber apical views. End-diastole for these measurements 
was defined as the frame following mitral valve closure and end- 
systole was defined as the frame preceding mitral valve opening 
(Figure A.38). The end-diastolic endocardial (EDV, Fig¬ 
ure A.39) and epicardial, and the end-systolic endocardial (ESV, 
Figure A.40) volumes were then calculated from their respective 
lengths and areas using the formula [3]: 

volume = 5/6 X area X length. 

Left ventricular mass (LVM) was calculated as the difference 
between the epicardial and endocardial volumes multiplied by 
the specific gravity of the myocardium (1.05). Ejection fraction 
was calculated as (EDV - ESV)/EDV. 

Mitral and tissue Doppler measurements. The mitral inflow 
velocities and the left ventricular basilar lateral wall and septal 
tissue velocities were obtained as described in [3]. 
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2 \ Figure A.1 M-mode left ventricular (LV) end-diastolic 

BOCiy Surface Area (m ) dimension (EDD) versus body surface area. 



/ 2\ Figure A.2 M-mode left ventricular (LV) end-systolic 

Body Surface Area (m ) dimension (ESD) versus body surface area. 
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Figure A.3 M-mode left ventricular end-diastolic (ED) 
posterior wall thickness (PWT) versus body surface area. 
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Figure A.4 M-mode left ventricular end-systolic (ES) 
posterior wall thickness (PWT) versus body surface area. 



Figure A.5 M-mode end-diastolic (ED) septal thickness (ST) 
versus body surface area. 



Figure A.6 M-mode end-systolic (ES) septal thickness (ST) 
versus body surface area. 
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Figure A.7 M-mode left ventricular endocardial percent 
fractional shortening (FS) versus age. Percent fractional 
shortening (FS) is calculated as 100*(EDD - ESD)/EDD 
where EDD = end-diastolic dimension and 
ESD = end-systolic dimension. 



Figure A.8 M-mode left ventricular endocardial 
rate-corrected velocity of circumferential fiber shortening 
(VCFc) versus age. VCFc was calculated as FS/ETc, where FS 
is fractional shortening and ETc is ejection time divided by 
the square root of the Q-Q interval on the 
electrocardiogram. 
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/ 2\ Figure A.9 Two-dimensional (2D) left ventricular (LV) 

Body Surface Area (m ) end-diastolic dimension (EDD) versus body surface area. 
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Figure A.10 Two-dimensional (2D) left ventricular (LV) / 2\ 

end-systolic dimension (ESD) versus body surface area. BOCiy SUTTGCG ATGS (ITI ) 


Figure A.11 Two-dimensional (2D) left ventricular 
end-diastolic (ED) posterior wall thickness (PWT) versus 
body surface area. 



Figure A.12 Two-dimensional (2D) left ventricular 
end-systolic (ES) posterior wall thickness (PWT) versus body 
surface area. 
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Figure A.13 Two-dimensional (2D) end-diastolic (ED) septal 
thickness (ST) versus body surface area. 



Figure A.14 Two-dimensional (2D) end-systolic (ES) septal 
thickness (ST) versus body surface area. 
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Figure A.15 Two-dimensional (2D) left ventricular 
endocardial percent fractional shortening (FS) versus age. 
Percent fractional shortening (FS) is calculated as 
100*(EDD - ESD)/EDD where EDD = end-diastolic 
dimension and ESD = end-systolic dimension. 
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Figure A.16 Two-dimensional (2D) left ventricular 
endocardial rate-corrected velocity of circumferential fiber 
shortening (VCFc) versus age. VCFc was calculated as FS/ETc, 
where FS is fractional shortening and ETc is ejection time 
divided by the square root of the Q-Q interval on the 
electro cardiogram. 



Figure A. 17 Inner-edge to inner-edge left main coronary 
artery (LCA) diameter versus body surface area. 



Figure A. 18 Inner-edge to inner-edge proximal anterior 
descending (AD) coronary artery (CA) diameter versus body 
surface area. 
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Figure A.19 Inner-edge to inner-edge proximal right 
coronary artery (RCA) diameter versus body surface area. 
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Figure A.20 Inner-edge to inner-edge, mid-systolic aortic 
valve annulus diameter versus body surface area. 
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Figure A.21 Inner-edge to inner-edge, mid-systolic aortic root 
diameter versus body surface area. 






Appendix: Normal Echocardiographic Values for Cardiovascular Structures 891 


Figure A.22 Inner-edge to inner-edge, mid-systolic aortic 
sinotubular junction diameter versus body surface area. 
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Figure A.23 Inner-edge to inner-edge, mid-systolic ascending 
aortic diameter versus body surface area, measured directly 
anterior to the crossing of the right pulmonary artery. 



Figure A.24 Inner-edge to inner-edge, mid-systolic distal 
transverse aortic diameter versus body surface area, 
measured at the mid-point between the origin of the left 
carotid and left subclavian arteries. 
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Q 0 Q 5 1.0 1.5 2.0 2.5 Figure A.25 Inner-edge to inner-edge, aortic isthmus 

/ 2\ diameter versus body surface area, measured just distal to 

Body Surface Area (m ) the origin ofthe left su bdavian artery. 




Figure A.26 Inner-edge to inner-edge, mid-systolic pulmonary 
valve annulus diameter versus body surface area. 
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Figure A.27 Inner-edge to inner-edge, mid-systolic main 
pulmonary artery (MPA) diameter versus body surface area. 
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Figure A.28 Inner-edge to inner-edge, mid-systolic left 
pulmonary artery (LPA) diameter versus body surface area. 



Figure A.29 Inner-edge to inner-edge, mid-systolic right 
pulmonary artery (RPA) diameter versus body surface area. 



Figure A.30 Inner-edge to inner-edge, mid-diastolic transverse 
mitral valve (MV) annulus diameter versus body surface area, 
measured from the apical 4-chamber view. 
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Figure A.31 Inner-edge to inner-edge, mid-diastolic 
anteroposterior (AP) mitral valve (MV) annulus diameter 
versus body surface area, measured from the parasternal long 
axis view. 
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Figure A.32 Mitral valve annulus cross-sectional area versus 
body surface area, calculated as an ellipse from the 
transverse and anteroposterior annulus dimensions. 
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Figure A.33 Inner-edge to inner-edge, mid-diastolic transverse 
tricuspid valve (TV) annulus diameter versus body surface 
area, measured from the apical 4-chamber view. 
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Figure A.34 Inner-edge to inner-edge, mid-diastolic 
anteroposterior (AP) tricuspid valve (TV) annulus diameter 
versus body surface area, measured from the parasternal 
long-axis view. IVC, inferior vena cava; RAA, right atrial 
appendage; SVC, superior vena cava. 
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Figure A.35 Tricuspid valve annulus cross-sectional area 
versus body surface area, calculated as an ellipse from the 
transverse and anteroposterior annulus dimensions. 
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Figure A.36 Left ventricular (LV) long-axis end-diastolic 
dimension (EDD) versus body surface area. End diastole is 
defined as the frame on which the mitral valve closes. 
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Figure A.37 Left ventricular (LV) long-axis end-systolic 
dimension (ESD) versus body surface area. End systole is 
defined as the frame preceding mitral valve opening. 
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Figure A.38 Left ventricular (LV) endocardial long-axis 
percent fractional shortening (FS) versus age. Percent 
long-axis fractional shortening is calculated as 
100*(EDDla - ESDla)/EDDla where EDDla = long-axis 
end-diastolic dimension and ESDla = long-axis end-systolic 
dimension. 
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Figure A.39 Left ventricular (LV) end-diastolic volume 
(EDV) using the 5/6*area*length algorithm (5/6AL) versus 
body surface area. 









Appendix: Normal Echocardiographic Values for Cardiovascular Structures 897 


Figure A.40 Left ventricular (LV) end-systolic volume (ESV) 
using the 5/6*area*length algorithm (5/6AL) versus body 
surface area. 



Figure A.41 Left ventricular (LV) percent ejection fraction 
(EF) versus age. Percent ejection fraction was calculated from 
the end-diastolic (EDV) and end-systolic volume (ESV) as 
100*(EDV-ESV)/EDV. 
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Figure A.42 Left ventricular (LV) mass using the 
5/6*area*length algorithm (5/6AL) versus body surface area. 
LV mass was calculated as the difference between the 
epicardial and endocardial volumes multiplied by the specific 
gravity of the myocardium (1.05). 
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Figure A.43 Mitral valve early diastolic peak inflow velocity (E 
wave) versus age. 
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Figure A.45 Ratio of the mitral valve early to the late diastolic 
peak inflow velocities (E/A) versus age. 
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Figure A.46 Left basilar lateral wall peak early diastolic tissue 
velocity 

(Left e') versus age. 



Figure A.47 Basilar septal peak early diastolic tissue velocity 
(Septal e') versus age. 
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Figure A.48 Average of the left lateral and the basilar septal 
peak early diastolic tissue velocities (e r ) versus age. 
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Figure A.49 Ratio of the peak early diastolic mitral inflow 
velocity to the left basilar lateral wall peak early diastolic tissue 
velocity (E/Left e') 
versus age. 



0.0 5.0 10.0 15.0 20.0 25.0 Figure A.50 Ratio of the peak early diastolic mitral inflow 

velocity to the basilar septal peak early diastolic tissue velocity 
AQB (Years) (E/Septal e r ) versus age. 
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Figure A.51 Ratio of the peak early diastolic mitral inflow 
velocity to the average of the left lateral and the basilar septal 
peak early diastolic tissue velocities (E/Average e r ) versus age. 
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arrhythmogenic right ventricular dysplasia 
( Continued ) 
imaging 629-631 

prenatal assessment 732-733 
incidence 729 
morphology 729 
arterial switch operation 458 
follow-up 459-460 ,460 
arterial tortuosity syndrome 628 , 634, 635 
ascending aorta 
diameter 891 
dilation 627,629 ,629 
dissection 629-630, 629 
asplenia syndrome 187, 564, 567-568 
see also heterotaxy syndromes 
athletes, diastolic function 143-145 
athletes heart 679, 679 
atria 

common 201-202 
filling 132 
left see left atrium 
right see right atrium 
see also entries under atrial 
atrial septal anomalies 197-214 
definition 197 
etiology 197 
imaging 202-210 
adults 207 

coronary sinus defects 206-207, 206 
echocardiographic guidance of transcatheter ASD 
closure 207-209, 208-211 
follow-up assessment 210 
intraoperative assessment 209-210 ,210 
postoperative/postdevice examination 202-203 
prenatal assessment 207 
preoperative evaluation 202 
secondum ASDs 203-204, 203, 204,208, 209 
sinus venosus defects 204-206, 205, 206 
incidence 197 

morphology and classification 197-202 
anatomy 198-202 ,200,201 
developmental considerations 197-198, 198,199 
pathophysiology 202 
atrial septal defect (ASD) 197 

3D echocardiography 799-800, 800, 801 
and Fallot’s tetralogy 415-416 
heterotaxy syndromes 566 
secundum 198,200 

imaging 203-204, 203,204, 208-210 
transcatheter closure, imaging 207-209, 208-211 
atrial septum 

hypoplastic left heart syndrome 358, 359 
imaging 364, 364, 418 
transesophageal echocardiography 780, 780 
atrial situs see situs 
atrial switch operation 458 
follow-up 460-461, 460, 461 
atrioventricular alignments and connections 38, 39 
atrioventricular canal 
imaging 478, 478 
morphology 477 

atrioventricular canal defects 259-278 
common atrioventricular canal 414-415 
definition 259 


etiology 259 

and Fallot’s tetralogy 414-415 
imaging 264-275 
adults 270-271 ,274 

complete CAVC defect 265-267, 266-268 
follow-up assessment 272-275, 275,276 
incomplete and transitional CAVC defect 
267-268, 269-271 

intraoperative assessment 271-272, 274 
key elements 265 

left ventricular outflow tract 268, 271 
prenatal assessment 269-270 ,273 
three-dimensional assessment 272 ,275 
unbalanced CAVC defect 268-269, 271-273 
incidence 259 

morphology and classification 259-264 
anatomy 259-264, 260-264 
developmental considerations 259 
pathophysiology 264 
VSDs 219-220, 220, 225-226, 226 
atrioventricular junction, imaging 780 
atrioventricular regurgitation 86 
atrioventricular septal defect, 3D echocardiography 
801-802, 803,804 
atrioventricular valves 

annular displacement 100 
Fontan circulation 548-550, 552 
heterotaxy syndromes 567 
imaging 419 
insufficiency 135 
stenosis 135 

transposition of great arteries 493 
see also mitral valve; tricuspid valve 
attenuation correction 5 
AVSD see atrioventricular septal defect 
axial resolution 10 
azygos veins 181 

B-mode imaging 7, 7 
B/A parameter 10 
backscatter 3 

balloon atrial septostomy 457-458, 458 
Baltimore-Washington Infant Study 215 
Barlow syndrome 753 

basilar lateral wall peak early diastolic tissue velocity 
899 

Bazett’s correction 105 
Bernoulli equation 79-80, 80, 285 
bicuspid (bicommissural) aortic valve 347 
pregnancy 820 
bilateral ductus arteriosi 319 
Blalock-Taussig shunt 308, 309, 363, 363, 371, 372 
Bland-White-Garland syndrome 591-594, 592-594, 
594 

blood flow 73-88 
Coanda effect 75, 75 
Doppler insonation angle 73 
narrow orifice 75-76, 75, 76 
pressure gradients 79-83, 79-82 
profiles 73-74, 74 
prosthetic valves 88-93, 90-92, 93 
quantification 76-79, 77, 78 
regurgitation 83, 83 , 84-88 
valvar stenosis 83-84, 83 


blood pool Doppler indices 105-111, 105 , 106, 107, 
108 , 109,111 
body surface area 64 

bone morphogenetic proteins in truncus arteriosus 433 
boundary layer attachment see Coanda effect 
brachiocephalic vessels in heterotaxy syndromes 
569-570, 572 
bronchus suis 619 
BSA see body surface area 
Budd-Chiari syndrome 197 
bulboventricular foramen 513 

cardiac CT 

constrictive pericarditis 707-708, 708 
pericardial effusion 713 
restrictive cardiomyopathy 703 
cardiac function at ventricular level 97-98, 98 
cardiac index 64 
cardiac malpositions 558-563 
anatomy 559-560 
definitions 558-559 

dextrocardia 34, 35, 167, 491, 493, 499, 558, 
560-562, 560 
etiology 559 
imaging 560-563 

dextrocardia 560-562, 560 
goals 478 

juxtaposition of atrial appendages 561-562 ,561 
pre/postoperative assessment 562-563 ,563 
prenatal assessment 562 
ventricular inversion 562, 562 
incidences 559 

juxtaposition of atrial appendages 561-562, 562, 565 
mesocardia 33, 34, 167, 491, 558 
morphology and classification 559 
pathophysiology 560 
situs inversus 32, 34, 36, 558, 560 
cardiac MRI 

constrictive pericarditis 707-708, 708 
pericardial effusion 713 
restrictive cardiomyopathy 703 
cardiac output 97 

measurement 76-79, 77, 78 
cardiac position 33, 34, 35 
see also cardiac malpositions 
cardiac resynchronization therapy 665-669, 666-669, 
667 

atrioventricular dyssynchrony 668-669 
interventricular dyssynchrony 666, 666 
intraventricular dyssynchrony 666, 666 
cardiac tamponade 709-713 

echocardiographic parameters 695 
imaging 710-713, 710-713 
flow mechanics 711 ,712,713 
two-dimensional 710-711, 710, 711 
incidence and etiology 709, 709 
pathophysiology 709-710 
cardiac translation 108,109 
cardiac transplantation 656 

allograft rejection surveillance 663-666, 665, 666 
imaging 663, 663, 664 
cardiac tumors 641-650, 642 

association with syndromes 647-648, 648 
fibroma 550, 642 , 643-644, 643, 644 
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hemangioma 642, 646-647, 647 
incidence 641 
malignant 647, 647 
myxoma 642, 646, 646 
rhabdomyoma 641-643, 642, 642 
teratoma 642, 645, 645 

cardinal vein, levoatrial 185-186, 186, 364-365 
cardiomyopathy 
dilated 653-655 
hypertrophic 337, 677-693 
inflammatory see myocarditis 
peripartum 827 

restrictive see restrictive cardiomyopathy 
cardiovascular dimensions 69-70 
growth adjustment 70 
minimum work principle 69-70, 70, 71 
Carney syndrome 648 
cat- eye syndrome 157 
cerebral artery blood flow 370 
CHARGE syndrome 426 
Chiari network 240 ,240 
children 

annular tissue Doppler imaging values 144 
diastolic function 143-146, 702 

age-related changes in diastolic filling 143,143, 
144 

healthy children/athletes 143-145 
chirality 38 
chloral hydrate 25 
chronic renal disease 147 
circle of Vieussens 585 

circumferential fiber shortening (Vcf), velocity of 101 
circumflex retroesophageal right aortic arch 612, 

616 

Coanda effect 75, 75 
coarctation of aorta 382-392 
definition 382 
etiology 382 
imaging 384-392 

adult coarctation 389-390, 389-392 
key elements 384 

long-term follow-up 391-392, 394, 395 
neonatal coarctation 383-389, 385-388, 389 
prenatal assessment 390-391, 392, 393 
incidence 382 

morphology and classification 382-383, 383 
pathophysiology 383-384 
pregnancy 821 
collagen 624 
color flow imaging 16, 16 
color M-mode imaging 

constrictive pericarditis 706 
flow propagation 13 7,137 
left ventricular inflow 699-700, 700 
restrictive cardiomyopathy 699-700, 700 
common atrioventricular canal defects (CAVC) see 
atrioventricular canal defects 
common atrium 158, 201-202 
complete echocardiogram 28 
conal morphology 

double-outlet left ventricle 483, 483 
double-outlet right ventricle 469, 471, 472, 473, 473 
pathophysiology 484 
conal septal VSDs 219, 219, 224-225 ,225 


congenital heart disease 31-43,148-149 
3D echocardiography 799-809 
coronary arteries see coronary arteries, congenital 
anomalies 

mitral stenosis 243, 250, 251-253, 253 
risk stratification in pregnancy 818, 819, 820, 
822-828 

segmental analysis 31-32 ,32,33 
atrial situs 35-37, 35, 36, 36 
atrioventricular alignments and connections 38, 39 
cardiac position 33, 34, 35 
semilunar valve relationships 41, 41 
thoraco-abdominal situs 32-33, 34 
type of infundibulum (conus) 40-42, 41 
ventricular loop 37-38, 37-39 
ventriculo-arterial alignments 38, 40, 40 
see also individual conditions 
connective tissue 624-627, 626 
connective tissue disorders 624-640 
aortic aneurysms with cutis laxa 634 
arterial tortuosity syndrome 634 
classification 628 
definition 624 

Ehlers-Danlos syndrome 243, 633-634 
imaging 635, 635 
Loeys-Dietz syndrome 632, 633 
Marfan syndrome 243, 253, 624-625, 627-632, 628, 
629-631 

Shprintzen-Goldberg syndrome 628, 634 
smooth muscle cell dysfunction syndrome 634 
thoracic aortic aneurysms/dissection 634, 636 
with bicuspid aortic valve 634, 636 
conotruncal face anomaly syndrome 394 
conotruncus in Fallot’s tetralogy 408-409, 408, 409 
conoventricular/perimembranous VSDs 217, 217, 
222-223, 222 

constrictive pericarditis 703-708 
echocardiographic parameters 695 
imaging 704-708, 705-708 

2D echocardiography 704-705, 705, 706 
color M-mode 706 
flow characteristics 705-706, 707 
goals 704 

tissue mechanics 706 

transesophageal echocardiography 706-707 
incidence and etiology 703-704, 704 
pathophysiology 704 
continuous-wave Doppler 12-13 ,13 
aortic regurgitation 88 
contrast imaging 10 
conus 40-42, 41 
cor triatriatum 
dextrum 240 

imaging 165-166 ,166,167 
sinister 159 ,159,166 
coronary arteries 

anatomy 584-585, 585 

left coronary artery 502-503, 584-585, 585 
right coronary artery 585, 585 
congenital anomalies 584-608 
ALCAPA 591-594, 592-594, 594 
anomalous aortic origin 597 
ARCAPA 594-596 ,595,596 
association with congenital heart disease 604 


classification 591 

congenital coronary artery aneurysm 602 
coronary- cameral/coronary- arteriovenous fistulae 
602-604, 603 
definition 584 

developmental considerations 584 
imaging 587-589, 588-590 
left coronary artery origin from right coronary 
sinus 597-598, 598-600 
minor anatomical variations 590-591, 592 
ostial atresia 596-597, 597 
physiology 585-58 7,586 
pulmonary arterial origin 597 
right coronary artery origin from left coronary 
sinus 598-599 ,601 
single coronary artery 599-601 
diameter 889, 890 

double-outlet right ventricle 479, 480 
in Fallot’s tetralogy 410-411 ,413 
hypoplastic left heart syndrome 359-360 
imaging 365-366,419 
in Kawasaki disease 740-745, 741-745 
neo-aortic root and valve 412 
pulmonary atresia 

with right ventricular dilatation 301 
with right ventricular hypoplasia 299 
transposition of great arteries 448-449, 449, 450 
imaging 455-457, 456, 457 
physiologically “corrected” 493 
truncus arteriosus 435 
coronary ectasia 743 
coronary fistula 299 
coronary sinus 181,181 
anomalies 190-191 
dilatation 190-191 
ostium atresia or stenosis 191 
defects 201 ,201 

imaging 206-20 7,206 
coronary sinus septum 198 
coronary-arteriovenous fistula 602-604, 603 
coronary-cameral fistula 602-604, 603 
crab view’ 162 

criss-cross heart 511, 526-531, 528-531 
cross-fiber shortening 96 
CT, cardiac 

constrictive pericarditis 707-708, 708 
pericardial effusion 713 
restrictive cardiomyopathy 703 
cutis laxa syndromes 628, 634 
cyanotic lesions in pregnancy 821 

Damus-Kaye-Stansel operation 550 
Danon disease 677, 678 

deformation imaging see myocardial deformation 
imaging 

depth-gain compensation 5 
dexmedetomidine 25 

dextrocardia 34, 35, 167, 491, 493, 499, 558, 560 
imaging 560-562, 560 
dextroposition 558, 560 
dextroversion 558 
diabetes mellitus type 1147-148 
diastasis 132 

diastole, definition and physiology 132-133 ,133 
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diastolic disease 139-143 
abnormal relaxation 

with elevated atrial pressure 140-141 ,141 
with normal atrial pressure 139-140 ,140 
abnormal ventricular compliance 141-143, 142 ,143 
acquired/systemic 146-149 

anthracycline cardiotoxicity 148 
chronic renal disease 147 
diabetes mellitus type 1 147-148 
left ventricular hypertrophy 146-147 ,147 
obesity 147 

obstructive sleep apnea 148 
cardiomyopathy 
dilated 145-146 
hypertrophic 145 ,145 
restrictive 146 ,146 
congenital anomalies 148-149 
echocardiography 149-150, 150, 702 
patterns of 139, 140 

diastolic filling, age-related changes 143, 143,144 
diastolic function 132-153 
adults 702 
cardiomyopathy 
dilated 660-661 
hypertrophic 680-681, 682, 683 
children 143-146,702 

age-related changes in diastolic filling 143,143, 
144 

healthy children/athletes 143-145 
infants 143 , 144 

color M-mode flow propagation 137, 137 
deformation imaging 137-139 
left atrial volume 138-139 ,139 
strain rate/strain imaging 137-138 ,138 
Doppler electrocardiography 133-135 
mitral inflow 133-134, 133 , 134 
pulmonary venous inflow 97-98, 97 
tricuspid and systemic venous inflow 135 
Fallot’s tetralogy 422 
Fontan circulation 544-545, 544 
tissue Doppler imaging 135-137, 136 
Doppler indices 136 , 137 
DiGeorge syndrome 394 
truncus arteriosus 433 
dilated cardiomyopathy 145-146, 653-655 
classification 654 
definition 653 
etiology 653-654 
imaging 656-672 

cardiac mechanical support 667, 668-671, 668, 
669-672, 670, 671 

cardiac resynchronization therapy 665-669, 
666-669, 667 , 668 

change in left ventricular pressure over time 661, 
663 

fetal dilated cardiomyopathy and myocarditis 655, 
662-663 

goals 656-65 7,657 

left ventricular diastolic function 660-661 
left ventricular size/geometry 657-659, 658, 659 
left ventricular spherical index 659 
left ventricular sphericity index 659 
left ventricular systolic function 659-660 
myocardial performance index 657, 661 
shortening fraction and ejection fraction 659 


stress echocardiography 661 
three-dimensional imaging 661-662 
tissue Doppler 660, 661, 662 
wall stress and afterload 659-660 
incidence 653 
pathophysiology 654 
treatment and outcome 654-655 
displacement index 231, 233, 235 
Doppler effect 12 ,12 
Doppler imaging 12-18 
aliasing 15, 15 

aortopulmonary window 442-443 
cardiomyopathy 661 
dilated 660,661,662 
hypertrophic 684, 687 
color flow imaging 16 ,16 
continuous-wave 12-13 ,13 
diastolic function 133-137 ,136 
Doppler indices 136,137 
mitral inflow 133-134, 133 , 134 
pulmonary venous inflow 133 , 134-135, 134,135 
tricuspid and systemic venous inflow 135 
left ventricular myocardial function 108-110, 108 , 
109 

myocardial velocity imaging 17-18 ,17 
pulmonary arterial hypertension 880 
pulsed-wave Doppler 13-15, 14,15 
regurgitation 85, 85 
velocity resolution 14-15 
Doppler insonation angle 73 
DORA see double-outlet right atrium 
double aortic arch 610-611, 612-614 
double-inlet ventricle 40 
left 512-518 

anatomy 512-515, 518 
embryology 512 
physiology 515-516 
treatment strategies 516-518 
right 518-520 ,519,520 
see also functionally univentricular heart 
double-orifice mitral valve 243, 246 
imaging 249, 250,254 
double-outlet left ventricle 482-484 
associated lesions 483 ,484 
definition 482 
etiology 482-483 
great artery relationships 483, 483 
history 482 
imaging 484 
incidence 482 

morphology and classification 483-484, 483 
double-outlet right atrium (DORA) 39, 262, 263 
double-outlet right ventricle (DORV) 40, 411, 466-482 
anatomy 468-475 

conal morphology 469, 471, 472, 473, 473 
great artery relationships 473-474 
ventricular septal defect 468-469, 469-471 
associated lesions 474, 474-477 
definition 466 
etiology 467 
history 466-467 
imaging 475-482 
adult 481-482 

goals, key elements 477-481, 477-481 
postoperative examination 480-481, 481 


prenatal assessment 481 ,482 
preoperative assessment 477-480, 477-480 
incidence 467 

morphology and classification 467-468 
pathophysiology 474-475 
D own syndrome 197,215 

atrioventricular canal defects 264 
Fallot’s tetralogy 263 

Down syndrome cell adhesion molecule (DSCAM) 259 
dropout artifacts 8 
ductal aneurysm 319 

imaging 323-324, 323, 324 
ductus arteriosus 
bilateral 319 

hypoplastic left heart syndrome 359-360, 361 
imaging 365, 366 
left 611-612 ,612,615,616 
right 612-613 

ductus arteriosus anomalies 317-325 
definition 317 
embryology 317 
etiology 317 

imaging 319-325, 320-325 
adults 324 

ductal aneurysm 323-324, 323, 324 
echocardiography 324-325, 325 
goals 318-322, 319-321 
patent ductus with left aortic arch 321-322 
patent ductus with right aortic arch 322-323 
post-closure 324 
post-stenting 324-325, 326 
reverse-oriented patent ductus 323 
incidence 317 
morphology 317 

patent ductus arteriosus see patent ductus arteriosus 
pathophysiology 317-319, 318, 319 

Ebstein anomaly 231-240,494 
associated features 234 
clinical presentation 233-234, 234, 234 
fetus 856 
imaging 234-239 

echocardiography 234-237, 235-237 
preoperative examination 239 
three-dimensional 803-805, 804, 805 
tricuspid valve repair 237-239 ,238 
morphology and development 231-232, 232,233 
pathophysiology 232-233 
pregnancy 820 
ectopia cordis 35 
effective orifice area (EOA) 75 
Ehlers-Danlos syndrome, vascular 243, 628 , 633-634, 
635 

Eisenmenger syndrome 182, 274 
ejection fraction 99, 101, 659 
elastin 624 

elevation resolution 11 
endocarditis 

infective 763-774 

pregnancy 826-827, 829 
nonbacterial thrombotic 771-772 
envelope detection 5, 6 
epicardial echocardiography 785-786 
etomidate 25 
Eustachian valve 240 ,240 
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extracellular matrix 624 

extracorporeal membrane oxygenation (ECMO) 
669-670 

Fabry disease 677-678 
Fallot, Etienne-Louis Arthur 407 
Fallot’s tetralogy 81, 148-149, 148, 182, 263, 269, 
407-432 
definition 407 

embryology, genetics and molecular basis 407-408 
environmental factors 408 
imaging 416-426 

3D echocardiography 80 6,810 
adults 420 

anatomic two-dimensional assessment 416-418, 
416,417 

diastolic function 422 

intraoperative/postoperative assessment 420 
left ventricular function 422 
multimodal 423 

prenatal assessment 423-426, 424, 425 
preoperative assessment 416-419, 417, 419 
pulmonary stenosis/regurgitation 422, 423 
repaired TOF 420, 421 
right atrial enlargement 422-423 
right ventricular size and function 421-422 
systolic function 421-422 
transcatheter techniques 423 
tricuspid regurgitation 422-423 
incidence 407 
morphology 408-416 

absent pulmonary valve syndrome 415 
aortic arch anomalies 415 
aortopulmonary defects and variations in 

pulmonary artery origin and bifurcation 415 
atrial septal defect 415-416 
common atrioventricular canal 414-415 
conotruncus 408-409, 408, 409 
coronary arteries 410-411 ,413 
double-chambered right ventricle 411-412, 414 
double-outlet right ventricle 411 
left-sided lesions 415 

pulmonary atresia and/or extreme pulmonary 
hyperplasia 412,414 ,415 
systemic and pulmonary venous anomalies 
415-416 

ventricular septal defect 409-410, 410-413 
pregnancy 821 
recurrence risk 408 
right aortic arch 318 
false tendons 353 

familial thoracic aortic aneurysm syndrome (FTAA) 

628 

fetal echocardiography 24, 26, 27 , 834-871 
cardiovascular pathology 845-854 

fetal arrhythmias 853-854, 857 , 858-861 
fetal heart failure 850-853, 853, 855 , 856 
fetal structural heart disease 845-846, 848-853, 
849-850, 854 
components of 836 

evolution and future directions 854-855, 857-860 
3D and 4D echocardiography 855, 857-860, 
864-867 

first trimester echocardiography 855, 862, 863 
indications and timing 834-835, 835 


screening 835-845, 836 

2D imaging 836-842, 837-842 
Doppler interrogation 842-843, 843 
fetal heart function 843-845, 844-846 
fetal rhythm assessment 845, 847 
technical considerations 835 
fetus 

absent pulmonary valve 291 
aortic stenosis 344-345, 344, 345, 849 
arrhythmias 853-854, 857, 858-861 
arrhythmogenic right ventricular dysplasia 732-733 
atrial septal anomalies 207 
atrioventricular canal defects 269-270, 273 
cardiac malpositions 562 
coarctation of aorta 390-391, 392, 393 
congenital coronary artery anomalies 587-588 
dilated cardiomyopathy 655, 662-663 
double-outlet right ventricle 481, 482 
Ebstein anomaly 856 

echocardiography see fetal echocardiography 
Fallot’s tetralogy 423-426, 424, 425 
heart failure 850-853, 853, 855, 856 
heart function 843-845, 844-846 
heart rhythm 845,847 
heterotaxy syndrome 575-577, 576-578 
hypoplastic left heart syndrome 366-370, 367-370, 
851 

interrupted aortic arch 398, 400, 402 
juxtaposition of atrial appendages 565 
left ventricular aneurysm/diverticula 727, 728 
left ventricular noncompaction 722, 722, 723 
mitral valve anomalies 253-254, 254 
myocarditis 662-663 
pulmonary artery sling 619-620 
pulmonary valve anomalies 
atresia 302, 303-304, 303, 304 
regurgitation 856 
stenosis 283 ,283 

pulmonary venous anomalies 173-174 ,175 
structural heart disease 845-846, 848-853, 849-850, 

854 

subpulmonary stenosis 289 
transposition of great arteries 401, 457, 457, 502 
truncus arteriosus 439 
vascular rings 616, 618 
ventricular septal defect 226 ,226 
see also congenital heart disease 
fibrillin 624, 625 
fibroma 642, 643-644, 643, 644 
fistula 

coronary 299 

coronary-arteriovenous 602-604, 603 
coronary-cameral 602-604, 603 
“flank” view 56, 58 
flow see blood flow 
flow velocity profile 74, 74 
Fontan circulation 541-557, 541, 542 
current strategy 545-546 
functionally univentricular heart 542-544 
diastolic function 544, 544 
limitations on cardiac output 544 
systolic function 543 
ventricular dimensions and wall thickness 
542-543, 543 

imaging 546-555, 547-554 


atrioventricular valves 548-550, 552 
diastolic function 554-555 
goals 546 

outflow tracts, ascending aorta and aortic arch 
550-551 

pulmonary arteries/veins 546-548, 547-549 
single ventricular function 551-554, 553, 554 
pregnancy 822 

surgical modifications 545, 545 
Fontan operation 309, 311, 377-378, 378 
foramen ovale, patent 197,198 ,200 
foramen primum 19 7,198 
foramina secundi 197 
“force-frequency relation” 98 
fossa ovalis, limbus of 197 
four-dimensional imaging of fetus 855, 857-860, 
864-867 

fractional shortening 78,100 
Frank-Starling relationship 97 
Friedreich’s ataxia 678 
functionally univentricular heart 511-540 
anatomy 

double-inlet left ventricle 512-518 
double-inlet right ventricle 518-520, 519, 520 
tricuspid atresia 511, 520-526, 521-527 
definition 511 
embryology 511-512 
etiology 511 

Fontan circulation 541-557 
diastolic function 544, 544 
imaging 546-555, 547-554 
limitations on cardiac output 544 
systolic function 543 
ventricular dimensions and wall thickness 
542-543, 543 

imaging 531-53 7,532-537 
superior-inferior ventricles 526-531, 528-531 
criss-cross heart 526-531, 528-531 

general anesthesia 25 
Gerbode VSDs 220 
giant left atrium 243 
imaging 250 

Glenn shunt procedure 183, 302, 376-377, 542 

goose-neck deformity 265, 266, 269-270 

Gorlin equation 84 

Gorlin syndrome 647 

grayscale encoding 5-7, 6, 7 

Gross, Robert 31 

growth, adjustment for 63-72 

haemodynamic measurements 73-95 
blood flow 73-88 
Coanda effect 75, 75 
Doppler insonation angle 73 
narrow orifice 75-76, 75, 76 
pressure gradients 79-83, 79-82 
profiles 73-74, 74 
prosthetic valves 88-93, 90-92, 93 
quantification 76-79, 77, 78 
regurgitation 83, 83 , 84-88 
valvar stenosis 83-84, 83 
symbols and abbreviations 74 
halo sign 704, 705 
hand rule 514,528 
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heart failure in fetus 850-853, 853, 855 , 856 
heart rate 98 

hemangioma 642 , 646-647, 647 
hemiazygos veins 181 
hemitruncus 327 
hepatic veins 181-182,181 
anomalies 189-190, 191 
flow patterns 

cardiac tamponade 711 
constrictive pericarditis 706 
diastolic disease 702 
restrictive cardiomyopathy 698, 699 
ipsilateral 570 
heteroscedasticity 68 

heterotaxy syndromes 37, 158, 529, 533, 563-580 
anatomy 566-571, 566 , 569-572, 570 

aortic arch, brachiocephalic vessels and patent 
ductus arteriosus 569-570, 572 
aortic outflow tract obstruction 569, 571 
atrial septum 566 
atrioventricular valves 567 
noncardiac anomalies 570-571 
pulmonary outflow tract obstruction 568-569 
pulmonary venous connections 566 
systemic venous connections 566, 570 
ventricles 567-568, 571 
ventriculo-arterial connections 568 
definitions 563-565 
etiology 565 
imaging 573-580 
adults 579-580,579 
key elements 573-575, 574, 575 
postoperative assessment 579-580, 579 
prenatal assessment 575-577, 576-578 
preoperative assessment 577-579 
incidence 565 

morphology and classification 565-566 
pathophysiology 571-573 
hockey-stick deformity 754, 755 
Holmes heart 515 

Holt-Oram syndrome 157, 197, 215, 357 
Hunter, John 297 
hydrops fetalis 843 

hypertrophic cardiomyopathy 145, 145, 337, 
677-693 
anatomy 678 
athletes heart 679, 679 
clinical manifestations 678 
differential diagnosis 679 
etiology 677-678 

family screening and preclinical diagnosis 
679 

imaging 679-689 

diastolic function 680-681, 682, 683 
key elements 679-680 
left ventricular outflow tract 683-684, 
684-686 

M-mode and 2D echocardiography 680, 
680-682, 681 , 682 

mitral valve function 681-683, 683, 684 
myocardial deformation 685-686 
stress echocardiography 686-687 
systolic function 684 
three-dimensional 686 
tissue Doppler 684, 687 


management 

echocardiography 687 

surgical myomectomy and septal catheter ablation 
687-689, 688, 689 
pathophysiology 678 
prevalence 677-678 
primary 677 
secondary 677-678 

hypoplastic left heart syndrome 263, 357-381 
anatomy 358-361, 359-361 
definition 35 7,358 
etiology 357 
imaging 363-378 
goals 363 

postoperative assessment 370-378, 371-378, 378 
prenatal assessment 366-370, 367-370, 851 
preoperative 363-366, 364-366 
incidence and associated anomalies 357 
management 361-363, 362, 363 
pathophysiology 361 
types 358 

image artifacts 7-8, 7, 8 
reverberation 8, 8 
shadowing and dropout 8 
side lobe 7, 7 
image construction 7, 7 
image creation 3-5, 4, 5, 7 
image optimization 11-12 
image resolution 10-11 ,11 
axial 10 
elevation 11 
lateral 11 
temporal 11 
imaging 

acute pericarditis 714 
aortic valve stenosis 341-345, 341-345 
arrhythmogenic right ventricular dysplasia 729, 
731-733, 732 

prenatal assessment 732-733 
atrial septal anomalies 202-210 

coronary sinus defects 206-207, 206 
secondum ASDs 203-204, 203, 204,208, 209 
sinus venosus defects 204-206, 205, 206 
atrioventricular canal defects 264-275 
cardiac malpositions 560-563 
cardiac tamponade 710-713, 710-713 
cardiomyopathy 
dilated 656-657 
hypertrophic 679-689 
restrictive 694, 695, 696-703, 702 
coarctation of aorta 384-392 
congenital coronary artery anomalies 587-589, 
588-590 

constrictive pericarditis 704-708, 705-708 
ductus arteriosus anomalies 319-325, 320-325 
Ebstein anomaly 234-239 

echocardiography 234-237, 235-237 
preoperative examination 239 
tricuspid valve repair 237-239 ,238 
equipment 20-22, 22 
Fallot’s tetralogy 416-426 
Fontan circulation 546-555, 547-554 
functionally univentricular heart 531-537, 532-537 
heterotaxy syndromes 573-580 


infective endocarditis 769-772, 769-771 
innominate artery compression syndrome 620, 620 
Kawasaki disease 740-747 

left ventricular aneurysm/diverticula 726-727, 727, 
728 

postoperative evaluation 727 
prenatal assessment 727, 728 
left ventricular noncompaction 721-722, 723 
prenatal assessment 722, 723 
left ventricular outflow tract 683-684, 684-686 
mitral valve anomalies 247-255 
pericardial effusion 710-713, 710-713 
pulmonary artery abnormalities 328-333, 328-332 
pulmonary artery sling 619-620, 619, 620 
pulmonary valve stenosis 283-285, 283-285 
pulmonary venous anomalies 162-177 
rheumatic fever 751-759, 753 , 754 , 755-759, 759 
subaortic stenosis 338-340, 339, 340 
subpulmonary stenosis 288-290, 289 
supravalval aortic stenosis 345-347, 346, 347 
transesophageal echocardiography see 
transesophageal echocardiography 
transposition of great arteries 451-462 

physiologically “corrected” 497-503, 498-502 
truncus arteriosus 436-440, 436-440 
vascular rings 613-618, 617, 618 
ventricular septal defect 221-228 
transthoracic 221-226, 222-226 
see also individual modalities 
“indexing” methods 65-66, 66 
indications for echocardiography 27-28 
infants 

annular tissue Doppler imaging values 144 
diastolic function 143 , 144 
infective endocarditis 763-774 
definition 763, 765 
diagnostic criteria 764 
etiology and pathogenesis 764-765 
imaging 769-772, 769-771 
adult 770,770 
goals 770 
key elements 769 

nonbacterial thrombotic endocarditis 771-772 
preoperative assessment 770-771, 771 
surgical treatment and postoperative assessment 
771 

transthoracic vs transesophageal 769-770 
incidence 763-764, 764, 765 
morphology and classification 765-767, 766-769 
pathophysiology 767-769 
pregnancy 826-827, 829 
risk factors 768 

inferior vena cava 181-182, 181 
anomalies 187-190 
bilateral IVCs 189 ,189 
interrupted IVC with azygos/hemiazygos 
continuation 187-189, 188,189 
left IVC to right atrium 189, 190 
pathophysiology and clinical significance 151, 
151 

right IVC to left atrium 189 
innominate artery compression syndrome 620, 621 
innominate veins 181 
anomalies 191-192 ,192 

retroaortic innominate vein 192 
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instrumentation 20-22, 22 
echocardiography 20-22, 22 
storage format and reporting 22-23 
system settings 21-22 
interrupted aortic arch 392, 394-402 
definition 392 
etiology 394 

imaging 397-402, 397-403 

long-term follow-up 400, 402, 402, 403 
prenatal assessment 398, 400, 402 
incidence 392, 394 

morphology and classification 352, 394-396, 395, 
396 

pathophysiology 397 
type A 395, 395 
type B 395-396,396 
type C 356, 396 

Intersocietal Accreditation Commission (IAC) 28 
Intersocietal Commission for the Accreditation of 
Echocardiography Laboratories (ICAEL) 28 
interventricular septum 874-875, 875 
intracardiac echocardiography 26 
intrinsic contractility 98 

Jacobsen syndrome 357 
Jarcho-Levine syndrome 197 
juxtaposition of atrial appendages 558 
fetal 565 

imaging 561-562 ,561,565 

Kawasaki disease 602, 739-749 
clinical features 740 
definition 739 
etiology 739 
imaging 740-746 

alternative modalities 746 
consensus recommendations 740, 741 
coronary artery abnormalities 743-745, 743, 
744 

coronary artery assessment 740-743, 741 -743 
coronary perfusion 745, 746 
key elements 740 
myocardial involvement 745, 745 
pericardial involvement 745-746 
valvar involvement 745 
incidence 739 
pathophysiology 739-740 
pregnancy 827, 830 
Kommerell’s diverticulum 611 
Kugel’s artery 584 

laboratory 

facility 20-22,21 ,22 
structure/organization 19-23 
see also specific aspects 
Laplaces law 97, 98 
lateral resolution 11 
LeCompte maneuver 458 
left anterior oblique view 55-56, 58 
left atrial anomalies 243-258 
see also mitral valve anomalies 
left atrial pressure 133 
left atrium 
giant 243 
imaging 250 


hypoplastic left heart syndrome 358 
size 660 
left ventricle 

diastolic function 660-661 
double-inlet 512-518 

double-outlet see double-outlet left ventricle 
ejection fraction 897 

end-diastolic dimension 884, 886, 887, 895 
end-diastolic posterior wall thickness 887 
end-diastolic septal thickness 885, 888 
end-diastolic volume 896 
end-systolic dimension 896 
end-systolic posterior wall thickness 885, 887 
end-systolic volume 897 
fractional shortening 886, 888, 896 
hypertrophic 146-147, 147 
hypoplastic left heart syndrome 358-359 
imaging 365 

longitudinal function 104-105 
mechanical dyssynchrony 124 
noncompaction 146 
pulmonary arterial hypertension 880 
sphericity index 659 

systolic function 114-115, 114 , 115, 659-660 
velocity of circumferential fiber shortening 886, 
889 

see also left ventricular 

left ventricular aneurysm/diverticula 722-727 
clinical manifestations 723-725 
definition 722 
etiology 723, 724 
imaging 726-727, 727, 728 
incidence 722 

morphology 725-726, 725, 726 
left ventricular assist devices see ventricular assist 
devices 

left ventricular diastolic dysfunction 140 
left ventricular function 98-99 
Marfan syndrome 632 
left ventricular mass 897 
left ventricular noncompaction 719-722 
classification 721 
clinical manifestations 720 
definition 620, 719 
developmental considerations 720 
etiology 719 

imaging 721-722, 722, 723 
prenatal assessment 722, 723 
incidence 719 

morphology 720-721, 720, 721 
left ventricular outflow tract 77, 268, 271 
anomalies 336-356 

aortic cusp prolapse 347-348, 348, 349 

aortic valve stenosis 340-345 

aortico-left ventricular tunnel 350-353, 351, 352 

bicuspid (bicommissural) aortic valve 347 

definitions 336 

etiology 336 

false tendons 353 

incidence 336 

sinus of Valsalva aneurysm 348-350, 350, 351 
subaortic stenosis 337-340 
supravalval aortic stenosis 345-347 
imaging 400, 683-684, 684-686 
obstruction, transposition of great arteries 494 


left ventricular pressure 133 
changes with time 661, 663 
left ventricular volume 657-659, 658, 659 
left-to-right shunt 220 
pregnancy 819 
Leopard syndrome 677 
levoatrial cardinal vein 185-186, 186, 364-365 
levocardia 33, 34, 491, 501 
limited echocardiogram 28 
Loeys-Dietz syndrome 628 , 632, 633, 635 
log-compression 5 
logarithmic compression curve 6 

M-mode imaging 

constrictive pericarditis 706 
diastolic function 13 7,137 

hypertrophic cardiomyopathy 680, 680-682, 681, 
682 

restrictive cardiomyopathy 699-700, 700 
malalignment VSDs 217-218, 218, 223-224, 223, 224 
Marfan syndrome 243, 253, 624-625, 627-632, 628 , 
635 

dilation/dissection of ascending aorta 627, 629-630, 
629 

dilation/dissection of descending aorta 630-632, 

631 

left ventricular dysfunction 632 
main pulmonary artery dilation 630 
mitral valve prolapse 630, 630 
pregnancy 826, 827, 828 
mechanical dyssynchrony 
detection of 116-11 7,117 
left ventricular 124 
mesocardia 33, 34, 167, 491, 493, 558 
midazolam 25 

minimum work principle 69-70, 70, 71 
mitral atresia 39 
mitral inflow 

cardiac tamponade 711,712 
constrictive pericarditis 705-706 
dilated cardiomyopathy 661 
Doppler imaging 133-134, 133 , 134 
restrictive cardiomyopathy 697-698, 697, 698, 703 
diastolic dysfunction 702 
mitral regurgitation 756-757 
pregnancy 824 
rheumatic heart disease 753 
mitral stenosis 246 
congenital 243 

flow orifice assessment 251-253 ,253 
pregnancy 822, 823 
rheumatic heart disease 757 
mitral valve 

annulus diameter 893, 894 

chronic disease 754-755, 754 , 755, 756 

diastolic peak inflow velocity 898, 900 

Doppler imaging values 144 

hypertrophic cardiomyopathy 681-683, 683, 684 

hypoplastic left heart syndrome 358-359 

imaging 365 

straddling 39 

mitral valve anomalies 243-258 
cleft mitral valve 245, 248-249 ,248 
double-orifice mitral valve 246, 249, 250,254 
etiology 243-244 
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mitral valve anomalies ( Continued ) 
imaging 247-255 
adults 254-255 
key elements 247-248 
postoperative assessment 254-255 
prenatal assessment 253-254, 254 
transcatheter and surgical treatment 254 
incidence 243 

morphology and classification 244-246 
giant left atrium 246, 246 
parachute mitral valves 250, 252 
pathophysiology 247 
regurgitation see mitral regurgitation 
stenosis see mitral stenosis 
straddling mitral valve 221 , 245-246, 249, 249 
supravalvar mitral ring 250,251 
mitral valve prolapse 86 , 243, 244-245, 244 , 245 
imaging 248, 248 
Marfan syndrome 630, 630 
mitral valvulitis 753, 753 
Mowat-Wilson syndrome 618 
MRI 
cardiac 

constrictive pericarditis 707-708, 708 
pericardial effusion 713 
restrictive cardiomyopathy 703 
multi-valve disease 758-759 
muscular VSDs 218-219, 219 
myocardial deformation imaging 111-114, 112 , 113 , 
114 , 685-686 

clinical applications 114-117, 115-117 
early myocardial dysfunction 115-116, 116 
mechanical dyssynchrony 116-11 7,117 
regional left ventricular function 114-115,114, 
115 

diastolic function 137-139 
left atrial volume 138-139, 139 
strain rate/strain imaging 137-138, 138 
tissue Doppler 121-124, 122 , 122 , 123 , 124 
ultrasonic strain rate/strain imaging 111-113, 112 , 
113 

myocardial function 

left ventricular 108-110, 108 ,109 
tissue Doppler imaging 108-110, 108 , 109 
myocardial performance index 106, 107 , 121, 661, 661 , 
662 

pulmonary arterial hypertension 879-880 
myocardial velocity imaging 17-18 ,17 
myocarditis 653, 655-656 
fetus 662-663 
see also cardiomyopathy 
myocardium in Kawasaki disease 745, 745 
myxoma 642, 646, 646 

neo-aortic root 459 

neo-aortic valve regurgitation 459 

neonates 

coarctation of aorta 383-389, 385 - 388 , 389 
interrupted aortic arch 397 
truncus arteriosus 436, 436 
nonbacterial thrombotic endocarditis 771-772 
Noonan syndrome 157, 197, 281, 677 
normal echogram 44-60 

additional/supplemental imaging 55-56 
apical views 45, 49-50, 50 , 51 


examination principles 44-45, 45 
“flank” view 56, 58 
left anterior oblique view 55-56, 58 
measurements 56-58 
orthogonal views 45-55, 46 

parasternal (left parasternal) views 45 , 50-53, 51-53 
reporting 58-59,59 
right anterior oblique view 55, 57 
right parasternal views 45 , 50-53, 51-57 
subxiphoid (subcostal) views 45 , 46-49, 46-49 
suprasternal notch views 45 , 53-55, 54 , 55 
normalizing variable 67-68 
Norwood reconstruction 363, 363 

obesity 147 

obstructive sleep apnea 148 
orifice 

anatomic area (AOA) 75 
effective area (EOA) 75 
narrow, blood flow 75-76, 75, 76 
see also specific heart valves 
Osiers nodes 764 

pacemaker therapy see left ventricular assist device 
PAPVC see partial anomalous pulmonary venous 
connection 

parachute mitral valves 250, 252 
parajet area 76 

parasternal (left parasternal) views 45, 50-53, 51-54 
pars membranacea 409 

partial anomalous pulmonary venous connection 
(PAPVC) 159-160, 160 
imaging 166-168, 166-168 
partial anomalous pulmonary venous drainage 159 
patent ductus arteriosus 221, 269 
with aortic aneurysm 628 
heterotaxy syndromes 569-570, 572 
imaging 457 
with left aortic arch 318 
imaging 321-322 

pulmonary arterial hypertension 877-878, 877 , 878 
reverse-oriented 319 
imaging 323 

with right aortic arch 318 
imaging 322-323 

see also ductus arteriosus anomalies 
patent foramen ovale 197, 198, 200 , 298, 307 , 447 
patient preparation 23, 23 
sedation 23-24, 25 
patient safety 23 
pentalogy of Cantrell 35 
pentobarbital 25 
per-BSA method 64-65, 64-66 
pericardial disease 703-716 

absence of pericardium 714-715, 715 
acute pericarditis 713-716 
constrictive pericarditis 703-708 
pericardial cyst 715, 715 , 716 
pericardial effusion and cardiac tamponade 709-713 
pericardial effusion 709-713, 709 
causes 709 

imaging 710-713, 710-713 
flow mechanics 711 , 712,713 
two-dimensional 710 - 711 , 710 , 711 
incidence and etiology 709 


pathophysiology 709-710 
pulmonary arterial hypertension 880 
pericardiocentesis, echocardiographically guided 
711-712, 714 
pericarditis 
acute 713-716 
constrictive 703-708 
pericardium 

absence of 714, 715 
in Kawasaki disease 745-746 
peripartum cardiomyopathy 827 
personnel 19-20 
phased array transducers 9, 9 
physicians, training 19-20, 20 , 21 
PISA see proximal isovelocity area (PISA) method 
polysplenia syndrome 564, 569 , 572 
see also heterotaxy syndromes 
Pompe disease 677, 678 
pregnancy 815-833 
aortic regurgitation 824 
aortic stenosis 823, 824 
bicuspid (bicommissural) aortic valve 820 
coarctation of aorta 821 
cyanotic lesions 821 
Ebstein anomaly 820 
echocardiographic changes 
heart disease 818 
normal 816-817,817 
Fallot’s tetralogy 821 
Fontan circulation 822 
infective endocarditis 826-827, 829 
Kawasaki disease 827, 830 
left-to-right shunt 819 
Marfan syndrome 826, 827 , 828 
mitral regurgitation 824 
mitral stenosis 822, 823 

physiologic hemodynamic changes 815-816, 816 
prosthetic heart valves 824-826, 825 , 826 
pulmonary vascular disease 821 
right ventricular outflow tract obstruction 819-820, 
820 

risk stratification for congenital heart disease 818, 
819 , 820 , 822-828 

specific management issues 827-829 
transposition of great arteries 821-822, 822 
preload 97 

prenatal assessment see fetus; pregnancy; and 
individual conditions 
pressure gradients 79-83, 79-82 
pressure measurement error 82 
pressure recovery 75-76, 75, 76 , 83 
primary ring 215 
primum atrial septal defect 198 
propofol 25 
prosthetic heart valves 

blood flow 88-93, 90 - 92 , 93 
in pregnancy 824-826, 825 , 826 
protocols 

patient safety 23 
research 27 

proximal isovelocity area (PISA) method 84, 86-87, 87 
pseudotruncus 414 

pulmonary arterial hypertension 872-882 
assessment in pediatric patients 873 
definition 872-873 
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interventricular septum shape 874-875, 875 

left ventricle effects 880 

patent ductus arteriosus 877-878 ,877,878 

pericardial effusion 880 

pulmonary regurgitation 874, 874 

right ventricle effects 879-880 

myocardial performance index 879-880 
systolic pressure 875-877, 876 
tissue Doppler and strain imaging 880 
tricuspid annular plane systolic excursion 
879 

secondary 872 

systemic-to-pulmonary artery shunts 878 
systolic time intervals 875 
tricuspid and pulmonary valve time intervals 
875 

tricuspid valve regurgitation 873-874, 874 
ventricular septal defect 875-877, 876 
pulmonary artery 

abnormalities 325-333 
definition 325 
imaging 328-333, 328-332 
morphology 325-326 
banding 503 

branch, aortic origin 327, 330, 330 
capacitance 878-879 
compliance 879 
crossed 327-328 
imaging 330, 330 
diameter 892,893 
dilation in Marfan syndrome 630 
discontinuous 327 
imaging 329 

end-diastolic pressure 874, 874 
Fontan circulation 546-548, 547-551 
imaging 418-419 
post-atrial switch 459 
pressure measurement 877-878, 877, 878 
stenosis 292-293, 292, 293 
truncus arteriosus 434-435 
variations in origin and bifurcation 415 
pulmonary artery sling 618-620 
definition 618, 618 
etiology 618 

imaging 619-620 ,619,620 
incidence 618 

morphology and classification 619 
pathophysiology 619 
pulmonary atresia 40 

and Fallot’s tetralogy 412,414, 415 ,425 
fetal heart in 302, 303-304, 303, 304 
with intact ventricular septum 297-316 
definition 297 
etiology 297-298 
history 297 

imaging 302-311, 303-311 
incidence 297 

morphology 298-301, 298-301 
pathophysiology 301-302 
treatment 302 

with right ventricular dilatation 300-301, 301 
treatment 302 

with right ventricular hypoplasia 298-299 ,298 
treatment 302 

pulmonary outflow tract obstruction 568-569 


pulmonary regurgitation 286, 422, 423 
fetus 856 
imaging 422, 423 

pulmonary arterial hypertension 874, 874 
pulmonary stenosis 281-287, 422, 423 
congenital branch 326-327, 329-330, 329 
imaging 283-285, 283-285, 422, 423 
key elements 283 
long-term sequelae 286-287, 287 
postnatal assessment 283-286, 284,285 
postprocedure assessment 286-287 ,287 
prenatal assessment 283 ,283 
pulmonary valve regurgitation 286 
transcatheter and surgical treatment 286 
incidence 281 

morphology and classification 281 
pathophysiology 281-282, 282 
pulmonary valve 

absent see absent pulmonary valve syndrome 
annulus diameter 892 
chronic disease 755 
pulmonary atresia 

with right ventricular dilatation 301 
with right ventricular hypoplasia 298-299 ,298 
time intervals 875 
pulmonary vascular bed 221 
pulmonary vascular disease in pregnancy 821 
pulmonary vascular resistance 220-221 
pulmonary veins 

abnormal number 158, 158 
imaging 162, 163 
flow patterns 

cardiac tamponade 711 
constrictive pericarditis 706 
diastolic disease 702 
restrictive cardiomyopathy 698, 698 
Fontan circulation 546-548, 547-551 
hypoplastic left heart syndrome 358 
imaging 365 

pulmonary venous anomalies 157-179 
definition 157 
etiology 157 
imaging 162-177 

abnormal number of pulmonary veins 162 ,163 
adults 174-175 

cor triatriatum 165-166 ,166,167 
goals of 162 

PAP VC 166-168, 166-168 
postoperative assessment 176-177 
prenatal assessment 173-174,175 
pulmonary venous connections with anomalous 
drainage 163-164, 164 

pulmonary venous stenosis 128, 164-165 ,165 
TAPVC 168-173, 168-174 

transcatheter/surgical treatment 175-176, 176, 177 
incidence 157 

morphology and classification 157-162 
anatomy 158-160, 158-160 
developmental considerations 157-158 
pathophysiology 160-162 
pulmonary venous atresia 159 
pulmonary venous connections 566 
anomalous drainage 158 ,158 
imaging 128, 163-164 ,164 
heterotaxy syndromes 566 


partial anomalous 159-160, 160 
total anomalous 161 
total anomalous (TAPVC) 160 
pulmonary venous drainage 
partial anomalous 159 
total anomalous 158 ,158 

pulmonary venous inflow, Doppler echocardiography 
133 , 134-135, 134,135 
pulmonary venous stenosis 159 
imaging 164-165 ,165 
pulse-echo experiment 3-4, 4 
pulsed-wave Doppler 13-15, 14,15 
aortic regurgitation 89 
regurgitation 85 

quality assurance 16-17 
quality improvement 28-29, 29 

radio-frequency signal 4, 5, 6 
Raghib anomaly 185 
Raghib syndrome 201, 202, 207 
Rastelli operation 339, 339, 458 
follow-up 461 
regurgitation 83, 83, 84-88 
aortic 88, 745 
pregnancy 824 

rheumatic heart disease 753, 757-758 
aortic root 419 
assessment of 84-88 

2D echocardiography 84 
Doppler echocardiography 85, 85 
jet area 85, 86 
PISA 86-8 7,87 
vena contracta 85-86, 86 
volumetric 84-85 
atrioventricular 86 
mitral 756-757 
pregnancy 824 
rheumatic heart disease 753 
neo-aortic valve 459 
pulmonary 286, 422, 423 
fetus 856 
imaging 422, 423 

pulmonary arterial hypertension 874, 874 
tricuspid 79, 422-423 

pulmonary arterial hypertension 873-874, 874 
see also individual valves 
reporting 23 
research protocols 27 

restrictive cardiomyopathy 146, 146, 694-703 
echocardiographic parameters 695 
imaging 694, 695 , 696-703, 702 
2D echocardiography 695-696, 696 
color M-mode 699-700, 700 
flow characteristics 696-699, 697-699 
goals 694 

tissue mechanics 700-702, 701, 702, 702 
transesophageal echocardiography 702 
incidence and etiology 694, 695 
pathophysiology 694 
reverberation artifacts 8, 8 
rhabdomyoma 641-643, 642, 642 
rheumatic fever/rheumatic heart disease 750-762 
clinical course 751 
definition 750 
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rheumatic fever/rheumatic heart disease ( Continued ) 
diagnostic criteria 7 51 , 751,752 
epidemiology 650 
imaging 751-759 

3D echocardiography 758 , 759, 759 
acute rheumatic heart disease 752-754, 753 
chronic rheumatic heart disease 754-755, 754 , 
755 

disease progression/resolution 755-756, 758 
key elements 751-752 
valvar intervention 756-759 
Jones criteria 751 
pathophysiology 750-751 
screening 759 

secondary prophylaxis 759,760 
right anterior oblique view 55, 57 
right atrium 

anomalies 240 ,240 
double-outlet 39, 262 ,263 
enlargement 422-423 
hypoplastic left heart syndrome 358 
imaging 363-364 
pulmonary atresia 

with right ventricular dilatation 300-301, 301 
with right ventricular hypoplasia 298 
size 422-423 

right parasternal views 45, 50-53, 51-57 
right ventricle 

arrhythmogenic dysplasia 727, 729-733 
double-chambered 411-412, 414 
double-inlet 518-520 ,519,520 
double-outlet see double-outlet right ventricle 
functional parameters 120-121, 120,121 
hypoplastic left heart syndrome 358 
imaging 365 

pulmonary arterial hypertension 879-880 
myocardial performance index 879-880 
tissue Doppler and strain imaging 880 
tricuspid annular plane systolic excursion 879 
systolic function 118-124, 118,119, 120 
systolic pressure 875-877, 876 
right ventricular assist devices see ventricular assist 
devices 

right ventricular dilatation 

with pulmonary atresia 300-301, 301 
treatment 302 

right ventricular hypoplasia, with pulmonary atresia, 
treatment 302 

right ventricular outflow tract 459 
imaging 400, 418-419, 419 
obstruction 410 

pregnancy 819-820, 820 

right ventricular outflow tract anomalies 281-296 
absent pulmonary valve 290-292, 291, 292 
pulmonary artery stenosis 292-293, 292, 293 
pulmonary valve stenosis 281 -287 
subpulmonary stenosis 287-290 
right ventricular stroke volume 291, 878, 879 
ring-sling complex 619 
Ross-Konno operation 339 
rubella, congenital 281 

Sano modification 373, 374 
sarcomere shortening 96 


scheduling 22 
Schprintzen syndrome 394 
scimitar syndrome 160, 160, 167 
second harmonic imaging 9-10,9 
secundum atrial septal defect 198 ,200 
imaging 203-204, 203, 204, 208,209 
sedation 23-24, 25 
segmental analysis 31-32 ,32,33 
atrial situs 35-37, 35, 36, 36 
atrioventricular alignments and connections 38, 39 
cardiac position 32, 34, 35 
semilunar valve relationships 41, 41 
thoraco-abdominal situs 32-33, 34 
type of infundibulum (conus) 40-42, 41 
ventricular loop 37-38, 37-39 
ventriculo-arterial alignments 38, 40, 40 
semilunar valve relationships 41, 41 
septal ablation for hypertrophic cardiomyopathy 
687-689, 688, 689 
septal malalignment 493, 493 
septum primum 198 

malposition/malattachment 158, 158 
septum secundum 197, 198 
sevoflurane 25 
shadowing artifacts 8 
Shone syndrome 383 
shortening fraction 101,659 
Shprintzen-Goldberg syndrome 628 , 634 
side lobe artifacts 7, 7 
single ventricle 149 
sinus of Valsalva 584 

aneurysm 348-350, 350, 351 
sinus venosus 

defect 158,199-200 ,201 
imaging 204-206, 204, 205 
septum 198 
situs 

ambiguous 33, 34, 36 
ambiguus 569, 573 
atrial 35-37, 35, 36, 36 

inversus 32, 34, 36, 489, 490, 491, 492, 499, 558, 559, 
560, 576 
totalis 558, 560 

solitus 32, 34, 36, 489, 490, 491, 493, 501 
ventricular 37-38, 37-39 
Smith-Lemli-Opitz syndrome 357 
smooth muscle cell dysfunction syndrome 634 
sonographers 20, 21 
space requirements 20 
speckle tracking 17-18 ,17, 123 
spectrogram 12 
specular reflection 3 
stenosis 

aortic 340-345 

fetal 344-345, 344, 345, 849 
imaging 341-345, 341-345 
morphology 340, 340 
pathophysiology 340-341 
pregnancy 823, 824 
atrioventricular valves 135 
coronary sinus 191 
flow measurement 83-84, 83 
Coanda effect 75, 75 
parajet area 76 


pressure recovery 75-76, 75, 76, 83 
vena contracta 75-76, 75, 76, 85-86, 86 
mitral 246 
congenital 243 

flow orifice assessment 251-253 ,253 
pregnancy 822, 823 
rheumatic heart disease 757 
pulmonary 281-287, 422, 423 

congenital branch 326-327, 329-330, 329 
imaging 283-285, 283-285, 422, 423 
incidence 281 

morphology and classification 281 
pathophysiology 281-282 ,282 
pulmonary venous 159 
imaging 164-165 ,165 
subaortic 337-340 

imaging 338-340, 339, 340 
morphology and classification 337-338, 

337 

pathophysiology 338 
subpulmonary 287-292 
imaging 288-290 ,289 
morphology and classification 288 
pathophysiology 288 
supravalval aortic 345-347, 346, 347 
Stenson, Niels 407 
storage format 22-23 
straddling 

mitral valve 39, 243, 245-246 
imaging 249 ,249 
tricuspid valve 39 
strain imaging 137-138, 138 
strain rate 111-113, 112,113, 137-138 ,138 
stress echocardiography 

dilated cardiomyopathy 661 
hypertrophic cardiomyopathy 686-687 
stroke volume 97 
structural measurements 63-72 
allometric modeling 63-69 

choice of normalizing variable 67-68 
heteroscedasticity 68 
“indexing” methods 65-66, 66 
per-BSA method 64-65, 64-66 
z-score methods 66-67, 68 
cardiovascular dimensions 69-70 
growth adjustment 70 
minimum work principle 69-70, 70, 71 
subaortic stenosis 337-340 
imaging 338-340, 339, 340 
morphology and classification 337-338, 337 
pathophysiology 338 

subclavian artery, left, aberrant 611, 612, 615 
subpulmonary stenosis 287-292 
imaging 288-290, 289 
adults 290 

echocardiographic guidance of surgical treatment 
290 

key elements 288-289 
postoperative assessment 290 
prenatal assessment 289 
preoperative assessment 289-290 ,289 
morphology and classification 288 
pathophysiology 288 

subxiphoid (subcostal) views 45, 46-49, 46-49 
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superior vena cava 181,181 
anomalies 182-18 7,182-186 

left SVC to coronary sinus 182-184, 182-184 
with atretic right SVC 184, 184 
left SVC to left atrium 184-185 ,184 
levoatrial cardial vein 185-186 ,186 
right SVC to left atrium/both atria 186 ,186 
supervision 19-20, 20 
suprasternal notch views 45 , 53-55, 54, 55 
supravalval aortic stenosis 345-347 
imaging 345-347, 346, 347 
morphology 345, 346 
pathophysiology 345 
supravalvar mitral ring 250 ,251 
surgical myomectomy for hypertrophic 
cardiomyopathy 687-689, 688, 689 
surgical techniques, imaging 175-176, 176,177 
Swiss cheese septum 219 
systemic veins 

hypoplastic left heart syndrome 358 
imaging 363-364 

systemic venous anomalies 180-196 
coronary sinus 190-191 
embryology and etiology 180-181,181 
hepatic vein 189-190, 191 
inferior vena cava 187-190 
bilateral IVCs 189 ,189 
interrupted I VC with azygos/hemiazygos 
continuation 187-189, 188,189 
left IVC to the right atrium 189 ,190 
right IVC to left atrium 189 
innominate veins 191-192 ,192 
prevalence 180 

superior vena cava 182-187, 182-186 

left SVC to coronary sinus 182-184, 182-184 
left SVC to coronary sinus with atretic right SVC 
184 ,184 

left SVC to left atrium 184-185 ,184 
levoatrial cardial vein 185-186 ,186 
right SVC to left atrium/both atria 149, 186, 186 
systemic venous connections 566, 570 
systemic venous inflow, Doppler echocardiography 135 
systemic venous valve anomalies 240 ,240 
systemic-to-pulmonary artery shunts 878 
systolic function 96-131 

blood pool Doppler indices 105-111, 105 , 106, 107, 
108 , 109,111 

cardiac function at ventricular level 97-98, 98 

deformation imaging 111-114, 112, 113, 114 

dilated cardiomyopathy 659-660 

dimensional changes 99-105, 100, 100 , 102-104 

Fallot’s tetralogy 421-422 

Fontan circulation 543 

hypertrophic cardiomyopathy 684 

left ventricular function 98-99, 114-115, 114 , 115 

mechanics 96 

regional myocardial function 108-110, 108 , 109 
right ventricle 118-124, 118, 119, 120 
tissue Doppler velocities 110 ,111 
systolic time intervals 875 

Takayasu aortitis 383 

TAPVC see total anomalous pulmonary venous 
connection 


telemedicine 27 
temporal resolution 11 
teratoma 642, 645, 645 
tethering 110, 360 
Thebesian valve 240 

thoracic aortic aneurysms/dissection 628 , 634, 635 , 
636 

with bicuspid aortic valve 628, 634, 636 
with cutis laxa 628, 634 
with patent ductus arteriosus 628 
thoraco-abdominal situs 32-33, 34 
three-dimensional imaging 791-814 
clinical application 791-792 
congenital heart disease 791, 799-809 
atrial septal defect 799-800, 800, 801 
atrioventricular septal defect 801-802, 803, 804 
Ebstein anomaly 803-805, 804, 805 
Fallot’s tetralogy 80 6,810 
transposition of great arteries 805-806, 805-809 
tricuspid valve anomalies 803-805, 804, 805 
ventricular septal defect 800-801, 801, 802 
deformation imaging 795 
examination protocol 792-793 
image optimisation 792-793 
image rendering 793, 793 
fetal 855, 857-860, 864-867 
future applications 808-809 
history 791, 792 

hypertrophic cardiomyopathy 686 
intraoperative 787 

left ventricular function 791, 793-795, 794 
left ventricular mass 795, 795 
rheumatic fever 758, 759, 759 
right ventricular size/function 791, 795-798, 796, 
797 

valve morphology/function 792, 798, 798, 799 
volumetric quantification 793 
time-gain compensation 5 
tissue Doppler imaging see Doppler imaging 
tissue Doppler velocities 110,111 
in children 110, 111 

total anomalous pulmonary venous connection 
(TAPVC) 160 ,161 
cardiac 161 

imaging 168-173, 168-174 
infradiaphragmatic 161 

total anomalous pulmonary venous drainage 158 ,158 
training 19-20, 20 , 21 
transcatheter techniques 
mitral valve anomalies 254 
pulmonary stenosis 286 

transesophageal echocardiography 784-785, 784 
ventricular septal defect 227-228 ,227 
transesophageal echocardiography 24, 162, 226, 
777-790 

atrial septal defect 783-784 
constrictive pericarditis 706-707 
epicardial 785-786 

infective endocarditis 766-768, 769-770 
interventional catheterization 784-785, 784 
interventional procedures 783 
intraoperative 786-787, 787 

target lesions for CHD surgery 786-787 
three-dimensional 787 


intraoperative imaging 785 
patient considerations 777-778 
probes 778 

restrictive cardiomyopathy 702 
standard views 778-783 

atrioventricular junction 780 
mid-esophageal 0 degrees 779, 779 
mid-esophageal 30 degrees 780-781, 781 
mid-esophageal 60 degrees 781, 781 
mid-esophageal 90 degrees 781-782, 782 
mid-esophageal 120 degrees 782 
transgastric 782-783, 782 
venous connections and atrial septum 780, 780 
technical considerations 778 
training 26 

transposition of great arteries 500-501, 501 
transforming growth factor-beta 625 
transposition of great arteries 245, 248, 446-465 
3D echocardiography 805-806, 805-809 
anatomy 447-449 

coronary artery anatomy 448-449, 449, 450 
intact ventricular septum 447 
ventricular septal defect 447-448, 448 
associated defects 449 
definition 446, 447 
double-inlet left ventricle 513-516 
etiology 446-447 

follow-up assessment 459-462, 460, 461 
arterial switch operation 459-460, 460 
atrial switch operation 460-461, 460, 461 
Rastelli operation 461 
imaging 451-462 
adults 461-462 

arterial switch operation 458, 459-460, 460 
atrial switch operation 458, 460-461, 460, 461 
balloon atrial septostomy 457-458, 458 
coronary arteries 455-457, 456, 457 
intact ventricular septum 451-453, 452, 453 
intraoperative assessment 458-459 
key elements 451 
patent ductus arteriosus 457 
prenatal assessment 457 ,457 
Rastelli operation 458,461 
ventricular septal defect 453-455, 453-455 
incidence 446 
pathophysiology 449-451 
physiologically “corrected” 489-507 
anatomy 490-494, 491-494 
definition 489 

developmental considerations 489 
follow-up 503 
imaging 497-503, 498-502 
incidence 489 

morphology and classification 489-494, 490-494 
pathophysiology 494-496, 495 
perioperative assessment 503 
pregnancy 820-821 
Van Praagh’s classification 491 
pregnancy 821-822, 822 
transthoracic echocardiography 24 

infective endocarditis 765, 768, 769-770 
transthoracic imaging of VSDs 221-226, 222-226 
tricuspid annular plane systolic excursion (TAPSE) 
120-121, 121,879 
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tricuspid atresia 39 

and functionally univentricular heart 511, 520-526, 
521-527 

anatomy 521-524, 521-527 
embryology 520-521 
physiology 524-526 
treatment strategies 526 
and transposition of great arteries 534 
tricuspid inflow 

cardiac tamponade 711,713 
constrictive pericarditis 706 
restrictive cardiomyopathy 698, 699 
tricuspid regurgitation 79, 360, 422-423 

pulmonary arterial hypertension 873-874, 874 
tricuspid valve 

3D echocardiography 803-805, 804, 805 
chronic disease 755 
diameter 894, 895 
Doppler imaging values 144 
dysplasia 231, 239-240, 239, 359, 360 
hypoplastic left heart syndrome 359, 360 
imaging 365 

morphology and development 231-232 ,232 
pulmonary atresia 

with right ventricular dilatation 300, 301 
with right ventricular hypoplasia 298-299, 

298 

repair 237-239 ,238 
straddling 39 
time intervals 875 
tricuspid valve anomalies 
Ebstein anomaly 231-240 
regurgitation see tricuspid regurgitation 
transposition of great arteries 494, 496 
truncal valve 434, 435 
truncus arteriosus 40, 433-440 
definition 433 
etiology 433 
follow-up 440 
imaging 436-440, 436-440 
adult 439-440 
ancillary modalities 440, 440 
intraoperative assessment 439 
key elements 436-437, 436 
neonates 436, 436 
postoperative assessment 437 
prenatal assessment 439 
incidence 433 
management 436 

morphology and classification 434-435, 434, 

435 

coronary arteries 434 
pulmonary arteries 434-435 
truncal valve 434, 435 
ventricular septal defect 434 
pathophysiology 435-436 
Turner syndrome 157, 357, 382 
two-dimensional imaging 
acute pericarditis 714 
cardiac tamponade 710-711, 710, 711 
constrictive pericarditis 704-705, 705, 706 
fetus 836-842, 837-842 


hypertrophic cardiomyopathy 680, 680-682, 681, 
682 

pericardial effusion 710-711, 710, 711 
restrictive cardiomyopathy 695-696, 696 

ultrasound 

image 

artifacts 7-8, 7, 8 
construction 7, 7 
creation 3-5, 4, 5, 7 
optimization 11-12 
resolution 10-11,11 
physics 3-7 
technology 3-7,9-12 
contrast imaging 10 
phased array transducers 9, 9 
second harmonic imaging 9-10, 9 
umbilical arterial flow 844 

valvar stenosis 83-84, 83 
see also individual valves 
vascular rings 609-618 

anatomy 610-613, 612-614 

double aortic arch 610-611, 612-614 
left aortic arch with right descending aorta and 
right ductus arteriosus 612-613, 616 
right aortic arch with aberrant left subclavian 
artery 611 ,612,615 

right aortic arch with left descending aorta and left 
ductus arteriosus 612, 616 
right aortic arch with mirror image branching and 
left ductus arteriosus 611-612, 612, 615 
definition 609 
etiology 609 

imaging 613-618 ,617,618 
follow-up assessment 618 
intraoperative assessment 618 
prenatal assessment 616, 618 
protocol 614-616 
incidence 609 

morphology and classification 609-613, 610-614, 

611 

pathophysiology 613 
vascular ultrasound see ultrasound 
VATER syndrome 426 
velocardiofacial syndrome 426 
truncus arteriosus 433 
velocity measurement error 82 
velocity resolution 14-15 
vena contracta 75-76, 75, 76, 85-86, 86 
ventricles 

double-inlet 39 

heterotaxy syndromes 567-568, 571 
left see left ventricle/ventricular 
right see right ventricle/ventricular 
single ventricle see functionally univentricular 
heart 

superior-inferior 526-531, 528-531 
see also entries under ventricular 
ventricular assist devices 667, 668, 669, 670-672, 
670-671 

ventricular compliance, abnormal 141-143, 142, 143 


ventricular inversion 558 
imaging 562, 562 
ventricular loop 37-38, 37-39 
ventricular septal defect (VSD) 215-230 

atrioventricular canal 219-220, 220, 225-226, 226 
conal septal 219, 219, 224-225, 225 
conoventricular/perimembranous 217, 217, 
222-223 ,222 
definition 215 

double-outlet left ventricle 483 ,483 
double-outlet right ventricle 468-469, 469-473 
doubly committed 469, 471 
etiology 215 

and Fallot’s tetralogy 409-410, 410-413 
Gerbode type 220 
imaging 221-228,418 

3D echocardiography 800-801, 801, 802 
adults 226 

echocardiographic guidance of transcatheter 
techniques 227-228,227 
postoperative assessment 228 
postoperative/follow-up 221 
prenatal assessment 226 ,226 
preoperative 221, 227 ,227 
transthoracic 221-226, 222-226 
incidence 215 
location and size 468 

malalignment 217-218, 218, 223-224, 223,224 
morphology and classification 215-216 
anatomy 216-220, 217 
development 215-216 
muscular 218-219, 219 
noncommitted 469, 472 
pathophysiology 220-221 
associated defects 221 
left-to-right shunt 220 
pulmonary vascular resistance 220-221 
pulmonary arterial hypertension 875-877, 876 
subaortic 468 ,469,470 
subpulmonary 468-469, 470 
terminology 216 

transposition of great arteries 447-448, 448 
imaging 453-455, 453-455 
physiologically “corrected” 444 
truncus arteriosus 434, 435 
ventricular size, post-atrial switch 459-460 
ventricular-ventricular interactions 124 
ventriculo-arterial alignment 38, 40, 40 
ventriculo-arterial connections 568 
Venturi effect 348 
Venturi tube 76 
vertical veins 160 ,160 

wall stress 97-98, 659-660 
wavelength 3 

Williams syndrome 281, 383 
Williams-Beuren syndrome 326, 336 
Wolff-Parkinson-White syndrome 643 
working environment 16 

z-scores 66-67 

parametric vs. statistical derivation 68 
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